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Monoamine oxidases in major depressive disorder and alcoholism
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ABSTRACT: Monoamine oxidases play an integral 
role in brain function. Both monoamine oxidase 
A (MAO-A) and monoamine oxidase B (MAO-B) 
regulate neurochemistry by degrading monoamine 
neurotransmitters (serotonin, dopamine, and 
norepinephrine). Any alteration in MAO levels can 
have devastating effects on the brain and behavior 
by lowering or raising neurotransmitter levels and 
producing toxic reactive oxygen species. In this 
review article, MAO is examined in terms of function 
and genetic organization, with special focus on recent 
discoveries related to the transcriptional regulation 
of MAO. In recent studies, transcriptional regulation 
involves a repressor protein, R1, for MAO-A and 
an activator protein, KLF11 (a Krüppel-like factor; 
also referred to as transforming growth factor-beta 
early inducible gene 2, TIEG2), for both MAO-A 
and MAO-B, by binding to Sp/KLF sites in the 
core promoters of MAO and regulating MAO gene 
expression. Furthermore, KLF11 may influence 
MAO-B expression and augment glyceraldehyde-3 
phosphate dehydrogenase (GAPDH) to upregulate 
MAO-B transcription upon exposure to ethanol. 
Finally, we review recent progress in MAO research 
and highlight the roles that MAOs play in several 
psychiatric conditions, including chronic stress, major 
depressive disorder and alcohol dependence. Further 
research in this area is needed to better understand 
MAOs, their transcription factors and signaling 
pathways in psychiatric illnesses in order to develop 
new strategies for pharmacological advancement.

Keywords: Monoamine oxidase, major depressive 
disorder, alcohol dependence, chronic stress, gene 
transcription, transcription factor, Krüppel-like factor 11 
(transforming growth factor-beta-inducible early gene 2)

1. Introduction

Psychiatric illness, including mood disorders and 
alcohol dependence, causes disturbance in personality, 
interferes with daily routines and damages personal 
relationships. Not since the advent of monoamine 
oxidase inhibitors (MAOIs) have we realized the 
important role monoamine oxidase (MAO) has in 
psychiatric conditions. In the 1950-60's, the discovery 
of MAO's impact on neurotransmitter metabolism 
followed by an upsurge in MAO research attempted to 
decipher the mechanisms underlying mental disorders, 
such as depression.
 MAO has two isoforms, MAO-A and MAO-B. 
Serotonin (5-HT) and norepinephrine (NE) are 
preferentially deaminated by MAO-A while MAO-B 
primarily targets phenylethylamine (PEA) and 
benzylamine; however, both monoamine oxidases can 
degrade dopamine (DA). Though its role has been 
thoroughly documented in major depressive disorder, 
only recently have scientists discovered that MAO 
is also impacted in stress disorders and alcoholism. 
Additionally, aberrant MAO levels can result in other 
behavioral changes in addition to depressive moods; 
downregulation of MAO can manifest as aggressiveness 
as seen in MAO-knockout studies (1). Contrarily, 
upregulation of MAO results in rapid metabolism of 
neurotransmitters and consequently damages neurons 
partially through its byproduct, hydrogen peroxide. 
This holds implications for the neuronal damage 
seen in alcoholism, neurodegenerative disorders, and 
possibly one explanation for reduced cortical volume 
in chronically depressed patients. In this review study, 
we discuss MAO in terms of genetic organization 
and function, and emphasize recent discoveries on 
the transcriptional regulation of MAO and their 
implications in major depressive disorder and alcohol 
dependence.

2. Monoamine oxidase background

2.1. Function

Monoamine oxidase oxidizes amines from both 
endogenous and exogenous sources, thereby infl uencing 
the concentration of neurotransmitter amines as well as 
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many xenobiotics by controlling their availability and 
physiological activity (2). MAO-A and MAO-B belong 
to a family of fl avin-containing amine oxidoreductases; 
both are located in the outer membrane of mitochondria 
(3), but are encoded by different genes (4). Although 
dopamine is primarily oxidized by MAO-B in humans 
and by MAO-A in rodents, in most species dopamine 
can be oxidized by both forms of the enzyme (1), 
just as serotonin can also be oxidized by MAO-B – 
though MAO-A has preference. MAO-A has higher 
affinity for serotonin, norepinephrine, dopamine, and 
the MAO inhibitor, clorgyline, whereas MAO-B has 
a higher affinity for phenylethylamine (a monoamine 
alkaloid that regulates the release of norepinephrine 
and dopamine), benzylamine (a common precursor of 
organic compounds), and the MAO inhibitors, deprenyl 
(1) and rasagiline (5,6). Exogenous sources of PEA 
and benzylamine require regulated entry into brain 
suggesting a functional role for MAO-B predominance 
at glial cells as a component of the blood-brain-barrier.
 In light of the vital role that MAO plays in the 
metabolism of neurotransmitters, MAO-A dysfunction 
have been implicated in a variety of neuropsychiatric 
disorders such as depression, social anxiety, autism, and 
attention defi cit hyperactivity disorder (7). Furthermore, 
MAO-A defi ciency caused by a spontaneous mutation 
in the MAO-A gene in a Dutch family resulted in 
impulsive aggressive behavior and mild mental 
retardation in affected males (8). In addition, MAO-A, 
specifi cally, may act as a pro-apoptotic gene. MAO-A 
expression was shown to be increased in cells during 
nerve growth factor withdrawal-induced apoptosis, 
which inhibited neuronal proliferation and accelerated 
cell apoptosis through the p38 mitogen-activated 
protein kinase pathway (9).
 These harmful effects of MAO-A (also MAO-B) 
are produced partially through the byproducts of their 
enzymatic activity (monoamine degradation) which 
include a number of neurotoxic species, such as 
hydrogen peroxide, ammonia, and MPP+ (1-methyl-
4-phenylpyridinium, a neurotoxin that dysregulates 
NADH dehydrogenase). In particular, hydrogen 
peroxide can elicit the production of reactive oxygen 
species (ROS) and induce mitochondrial damage and 
neuronal apoptosis (10).
  Unlike MAO-A, signifi cant age-related increases in 
MAO-B activity may contribute to cellular degeneration 
in the brain due to corresponding increases in the 
production of ROS (5,11). However, MAO-A emerges 
fi rst (1) and is near adult levels at birth while a several-
fold increase in MAO-B activity occurs with aging 
(12-14). An increase in MAO-B with age has also 
been verifi ed in human positron emission tomography 
(PET) studies in all brain regions examined (15). 
Abnormally elevated levels of MAO-B are well known 
to be associated with neurodegenerative diseases, such 
as Parkinson disease and Alzheimer disease (16,17). 

A consequence of increased MAO-B could result in 
elevated dopamine oxidation and byproducts, such 
as hydrogen peroxide, which form highly reactive 
hydroxyl radicals that subsequently damage proteins, 
membrane lipids, and nucleic acids leading to neuronal 
degeneration (5). In fact, hydrogen peroxide produced 
during the oxidative deamination of catecholamines 
produces damage to the mitochondrial membrane and 
DNA, which appears to be involved in the progression 
of neurodegenerative disorders, such as Parkinson 
disease (11).

2.2. MAO genetic studies

MAO-A and MAO-B share genetic homology and are 
highly conserved among species. Located in the outer 
mitochondrial membrane, MAO-A and MAO-B are 
encoded by two independent genes on chromosome 
Xp11.23-11.4 (1,4,18,19). These two genes consist of 15 
exons and have identical exon-intron organization, which 
suggests that both MAO-A and MAO-B are derived 
from the duplication of a common ancestral gene (1). 
Interestingly, exon 12 products of MAO-A and MAO-B 
share 93.9% amino acid identity (4). Conversely, the 
arrangement of transcriptional promoters differs between 
the two monoamine oxidases. The MAO-A core promoter 
(0.14 kb) fragment lacks a TATA box, consists of three 
Sp1 (Sp/KLF) elements (20,21), and exhibits bidirectional 
promoter activity (21) whereas the MAO-B core promoter 
(0.15 kb) fragment consists of two clusters of overlapping 
Sp/KLF-binding sites separated by a CACCC element 
(21). The different promoter organization of MAO-A and 
MAO-B genes may underlie their different tissue- and 
cell-specific expression (1). Moreover, the conservation 
of these two genes indicates the biological importance of 
neurotransmitter regulation. This can be verifi ed through 
the study of transgenic knockout (KO) mice.
 In brains of MAO-A KO pups, serotonin concen-
trations were increased up to nine-fold compared with 
wild-type mice and in adult brains, serotonin levels 
were only increased two-fold due to the development 
of MAO-B (1). In the brains of MAO-A KO pups and 
adults, norepinephrine concentrations were increased 
up to two-fold, and a small increase in dopamine levels 
was observed in pup brains (22). Not surprisingly, 
the behavioral ramifications mimic the expression of 
neurotransmitters on a cellular level. Both MAO-A-
deficient and MAO-B-deficient mice show an increased 
reactivity to stress in the forced-swim test (1). As 
norepinephrine and dopamine mediate the stress response 
and are further potentiated by phenylethylamine, these 
findings are consistent with elevated brain levels of 
norepinephrine and dopamine in MAO-A KO mice 
(22), and phenylethylamine in MAO-B KO mice (23). 
In addition to aberrant stress responses, MAO-A KO 
pups also exhibit aggressive behavior comparable to 
adults due to increased levels of serotonin; and this may 
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a G/T single-nucleotide polymorphism in exon 8 (7) 
on the X chromosome which may impact psychiatric 
or cognitive disorders. MAO-A may also have other 
genetic regulators not present on the X chromosome. 
Wu et al. recently found that MAO-A was regulated by 
a transcription factor encoded by the sex-determining 
region Y (SRY) gene located on the Y chromosome 
and that SRY and Sp1 form a transcriptional complex 
and synergistically activate MAO-A transcription (7). 
This occurs as Sp1 recruits SRY through physiological 
interaction, forming a transcriptional regulatory 
complex within the MAO-A core promoter capable of 
enhancing SRY-induced MAO-A gene expression. The 
infl uence of SRY on MAO-A expression shows sexual 
dimorphism, and this divergence has an important 
feature on neuronal activity, structure, and dysfunction 
with possible implications for neurodevelopmental 
disorders (7).
 The human MAO-A core promoter region (-303/-
64) contains four imperfect tandem repeats, with each 
repeat containing an Sp/KLF-binding site in reverse 
orientation with positive correlation existing between 
cellular Sp1 concentrations and MAO-A promoter and 
catalytic activities (30). This suggests MAO-A gene 
expression can be upregulated by Sp1. Sp1 is expressed 
ubiquitously in mammals (31,32) and is a key activator 
of the MAO-A promoter (30) by binding to GC-rich 
regions (27). Besides Sp1, two Sp-family proteins, 
Sp3 and Sp4, have also been shown to regulate the 
MAO-A promoter via the same Sp/KLF-binding sites 
(7). Sp4 activates the MAO-A core promoter like 
Sp1, while Sp3 may compete with Sp1 and Sp4 to 
repress MAO-A activation (33). A recently discovered 
novel transcription repressor, R1, has been show to 
downregulate MAO-A gene expression by competing 
with Sp1 for binding to Sp/KLF-binding sites as well 
(34).

3.2. Novel MAO-A repressor, R1 

R1 (RAM2/CDCA7L/JPO2) is expressed widely in 
the human brain and peripheral tissues and includes 
a nuclear targeting sequence (aa 301-318) with a 
subcellular distribution in the nucleus, consistent with 
its functional role in the transcriptional regulation of 
MAO-A (34). R1, consisting of 454 amino acids with 
77 amino acid residues in the C-terminal, shares 87% 
homology with the c-Myc target protein, JPO1 (34). 
c-Myc can act as a transcription factor and also plays a 
pivotal role in global chromatin structure by regulating 
histone acetylation. Therefore, R1 may interact with 
c-Myc in tumor genesis and cell division.
 R1 directly impacts MAO-A expression. R1 
binds to Sp/KLF-binding sites in the MAO-A core 
promoter and inhibits MAO-A promoter and catalytic 
activities (34). This notion is supported as Ou et al. 
demonstrated that R1 mRNA decreased 70%, 60%, and 

also be important for enhanced emotional learning that 
is exhibited by adult MAO-A KO mice (24). MAO-A 
and MAO-B double knockout mice exhibit reduced 
body weight, increased anxiety-like behavior and brain 
levels of serotonin, norepinephrine, dopamine, and 
phenylethylamine (25), increased baroreceptor response 
(26), and abnormal heart rate dynamics (27) compared 
to wild type mice. These studies illustrate a critical role 
of maintaining proper balance of MAO expression 
for normalcy in behavior and physiological responses. 
Additionally, forebrain-specific MAO-A transgenic 
mice generated from MAO KO mice using the calcium-
dependent kinase IIα promoter showed restored axonal, 
cellular, and dendritic patterning in the forebrain similar 
to wild type mice and displayed decreased aggressive 
behavior compared to MAO-A KO mice without 
forebrain-specific MAO-A expression (28). These 
transgenic studies provide foundational knowledge of 
behavioral outcomes precipitated by gene knockout and 
results from these studies document the importance of 
monoamine oxidase not only for behavior, but for many 
other physiological functions.

3. Transcription factors for MAO-A and MAO-B

As with any gene expression, MAO regulation is 
determined by transcription factor interaction within the 
core promoter of MAO. The transcription factors can be 
activators, co-activators, or repressors depending on their 
influence on RNA polymerase. Ultimately, transcription 
factors will determine the level of gene expression by 
binding to unique domains inside the promoter with RNA 
polymerase II to form transcription initiation complexes.

3.1. MAO-A transcription factors

For MAO-A, an extensive repeat structure contained 
in two 90 bp repeats within the promoter sequence 
(1.2 kb upstream of the MAO-A coding sequences) 
downregulates human MAO-A promoter activity 
across ethnic groups and has been shown to affect the 
transcriptional activity of the MAO-A gene promoter 
in a luciferase assay system (29). This polymorphism 
constitutes a 30 bp repeated sequence, with 3-5 copies 
each for different individuals. Alleles with 3.5 or 4 
copies of the repeat sequence are transcribed 2-10 times 
more efficiently than those with 3 or 5 copies of the 
repeat, suggesting an optimal length for the regulatory 
region (29). This is also shown in vitro, as median 
MAO-A activity in cell cultures with three repeats was 
signifi cantly lower than that in cultures with four repeats 
(20), consistent with published evidence that MAO-A 
promoter constructs bearing three repeats have lower 
transcriptional activity in transfected neuroblastoma 
and choriocarcinoma cells (29). In fact, several studies 
have reported other various polymorphisms of MAO-A, 
including a GA repeat polymorphism in intron 2 and 
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45%, and MAO-A mRNA levels were increased by 
2.5, 3.8, and 4.3-fold on days 1, 2, and 3, respectively, 
following serum starvation-induced apoptosis (35).
R1 overexpression increases cell proliferation and 
decreases MAO-A activity whereas R1 knockdown by 
siRNA decreases proliferation and increases MAO-A 
mRNA (35), suggesting that R1 is upstream to MAO-A. 
Therefore, R1 overexpression prevents apoptosis, an 
event mediated by its repression of MAO-A. Thus, the 
pendulum shift between R1 and MAO-A has imperative 
roles in regulating the cell cycle and are negatively 
correlated in function and expression.
 R1's role in cellular proliferation is further verifi ed 
by immunostaining showing its colocalization with 
c-Myc, and that overexpression of c-Myc increases R1 
mRNA. This increase is further escalated by inhibiting 
p38 MAPK in a concentration-dependent manner 
(35) as R1 is downstream to both c-Myc and p38. The 
interaction between R1 and c-Myc is co-operative in 
cell-cycle regulation. Furthermore, RT-PCR results 
show that cells transfected with R1 and/or c-Myc 
exhibited decreased MAO-A mRNA and increased 
E2F1 or cyclin D1 by 350-500%, demonstrating that 
E2F1 and cyclin D1 are also downstream of R1 (35).
 These results show that MAO-A is not only 
involved in the oxidation of neurotransmitters but 
also plays a significant role in cellular development. 
Since the byproduct of MAO-A activity is hydrogen 
peroxide (H2O2) resulting in cytotoxic stress which 
causes cell death, R1 may therefore prevent cells from 
undergoing apoptosis. Understanding the mechanics of 
up/downstream signaling pathways will allow greater 

insight into MAO-mediated apoptosis. Further research 
to elucidate this transcription factor, R1, its signaling 
pathway, and regulators in detrimental conditions such 
as mental illness could explain morphological changes 
in the brain that have been unaccounted for. 

3.3. Novel MAO-A activator, KLF11 (TIEG2)

Krüppel-like factor 11 (KLF11), also referred to as 
transforming growth factor-beta-inducible early gene 
2 (TIEG2), is a member of the Sp/KLF family of 
transcription factors. KLF11 can inhibit cell growth by 
acting as a potential effector of the transforming growth 
factor β (TGFβ) signaling pathway and increases the 
rate of apoptosis in KLF11 transgenic pancreatic cells 
(36). Aside from its role in cell-cycle regulation, KLF11 
has recently been reported to act as a transcriptional 
activator of MAO-A. In addition, glucocorticoid 
exposure can further amplify KLF11 expression and 
influence KLF11-induced MAO-A transcriptional 
activation (Figure 1A). In brain-derived SH-SY5Y 
cell lines, treatment with dexamethasone, a synthetic 
glucocorticoid, resulted in a 2.3-fold increase in KLF11 
expression and 3.3-fold increase in nuclear fraction 
(37), suggesting increases in both KLF11 protein levels 
and translocation to the nucleus in the presence of 
dexamethasone. Examining the significance of KLF11 
action on MAO-A, cells stably transfected with KLF11 
showed a 2-fold increase in MAO-A mRNA levels 
and a 4.2-fold increase in MAO-A mRNA following 
dexamethasone treatment compared to control vector 
(37). Interestingly, when cells were treated with KLF11-

Figure 1. A representative structure of the transcriptional regulation of MAO-A gene expression (A) in stress-related 
disorders and MAO-B gene expression (B) in alcohol-related disorders. (A) The human MAO-A promoter contains 
glucocorticoid response element (GRE) and Sp/KLF-binding sites, both of which are independently responsive to the impact of 
glucocorticoids on MAO-A upregulation. (B) The human MAO-B promoter contains Sp/KLF-binding sites, which are responsive 
to ethanol-induced GAPDH/KLF11-mediated upregulation of MAO-B and subsequent cellular toxicity. Arrows and dashed 
line indicate activation and repression of the following targets, respectively. R1: a transcriptional repressor; GR: glucocorticoid 
receptor; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; KLF11: Krüppel-like factor 11 (also called TIEG2).
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siRNA to deplete endogenous KLF11, dexamethasone-
induced MAO-A expression was reduced by 30% 
compared to control-siRNA cells showing that KLF11 
mediates corticoid-induced upregulation of MAO-A (37).
 KLF transcription factors have been shown to 
interact with histone acetyl transferases (HATs), such 
as p300, to regulate transcription. To further evaluate 
how KLF couples to chromatin remodeling machines, 
cells were transiently co-transfected with a p300 and 
KLF11 expression constructs in the MAO-A promoter-
luciferase reporter gene which showed that activation 
of MAO-A by KLF11 was greatly increased when co-
transfected with p300 (37). Therefore, successful 
augmentation of KLF11 by this particular HAT shows 
that glucocorticoids act through KLF11 to upregulate 
MAO-A promoter activity, and this pathway is mediated 
by a p300-dependent mechanism. Furthermore, rats 
exposed to chronic social defeat stress revealed a 
signifi cant increase of both MAO-A and KLF11 levels 
in the brain cortex compared to the untreated control 
rats, providing further in vivo data that KLF11 is a 
novel activator for MAO-A (37).

3.4. MAO-B transcription factors

The human MAO-B core promoter (0.15 kb) fragment 
contains two clusters of overlapping Sp/KLF-binding 
sites separated by a CACCC element, and a TATA 
box (21,38). Among others, modulators of MAO-B 
expression include DNA status and hormonal infl uence. 
DNA methylation of CpG sites in the MAO-B promoter 
epigenetically inhibits MAO-B gene expression 
(39) as these regions become silenced. In addition, 
glucocorticoids and glucocorticoid receptors upregulate 
MAO-B transcription through the fourth glucocorticoid 
response element of the MAO-B promoter, which has 
been recently found to overlap with a consensus retinoic 
acid response (RAR) element suggesting the potential 
regulation of MAO-B by retinoic acid (40). Moreover, 
retinoic acid activates MAO-B transcription through 
RAR-α and the third RAR element in the MAO-B 
promoter as RAR-α physically interacts with Sp1 via 
zinc finger domains in Sp1 (40). Collectively, these 
known regulators exhibit the complexity underlying 
MAO-B expression. Still, many elements are unknown 
about the functionality of these regulators in different 
environmental conditions, such as retinoic acid/MAO-B 
interaction during development and Sp-family/MAO-B 
interactions in psychiatric illness.
 MAO-B gene expression can also be regulated 
through signaling pathways. For example, phorbol-
12-myristate-13-acetate (PMA), an extracellular stress 
inducer, increases human MAO-B expression. PMA 
transiently increases Egr-1 and c-Jun gene expression 
via protein kinase C and MAPK signaling pathways, 
including Ras, MEK1, MEK3, MEK7, ERK2, JNK1, 
and p38/RK (41). Site directed mutations show that 

Egr-1 and c-Jun then transactivate the MAO-B promoter 
and increase endogenous MAO-B transcripts via 
the Sp1/Erg-1/Sp1 overlapping binding sites (41).
Additionally, protein kinase C inhibitor blocks the PMA 
dependent activation of MAO-B indicating that MAO 
expression is selectively induced by the activation of 
protein kinase C and MAPK signaling pathways and 
that c-Jun and Egr-1 appear to be the ultimate targets of 
this regulation (41).
 The Sp-family proteins also demonstrate a 
signifi cant impact on MAO-B transcriptional regulation. 
Analysis of nine site-directed mutations exhibiting the 
highest activity at -246/-99 region reveals that both 
clusters of Sp/KLF-binding sites contribute positively 
whereas the CACCC element contributes negatively 
to transcriptional activity (42). Sp1 can activate the 
MAO-B core promoter via Sp/KLF-binding overlapping 
sites, and its activation is repressed by Sp3 interaction 
as determined by gel shift analysis (34,42) just as 
MAO-A. Furthermore, Sp4 can trans-activate MAO-B 
promoter activity via Sp1 clusters suggesting that the 
binding to overlapping Sp1 sites by various members 
of the Sp family is important for the upregulation of 
MAO-B gene expression, whereas over-expression of 
Sp3 or BTEB2, an Sp3-related family member, can 
repress activation (38). Sp3 is a ubiquitously expressed 
transcription factor, closely related to Sp1 but, unlike 
Sp1, often functions as a transcriptional repressor by 
means of interacting with GC-rich Sp/KLF-binding 
sites (43,44). Sp3 has no net effect on MAO-B gene 
expression as it i) represses the transcription of the 
human MAO-B gene by interaction with the CACCC 
box, ii) activates MAO-B through proximal overlapping 
Sp1 sites, and iii) has bi-functional regulation with 
independent modular repressor and activator domains 
(42). KLF11 also infl uences the expression of MAO-B 
(42).

3.5. Novel MAO-B activator, KLF11 (TIEG2)

Studies have shown that KLF11 (TIEG2) represses gene 
transcription and regulates cell growth, development 
and differentiation (45) by binding to GC-rich Sp/
KLF-binding sites (46,47). In addition to MAO-A 
transcriptional activation, KLF11 has recently been 
shown to activate MAO-B gene expression (42), which 
implicates that one function of MAO-B may serve as 
an anti-proliferating mechanism. KLF11 reportedly 
inhibits cell growth (46) and mediates caspase-3-
dependent apoptosis (48). Depending on where KLF11 
binds within the promoter will infl uence how MAO-B 
is expressed. KLF11 serves as a repressor when binding 
through the CACCC element but as an activator 
when binding through proximal Sp/KLF-binding sites 
(42). Thus, KLF11 serves dual functions as both a 
regulator of cell-cycle-dependent activities and as a 
transcriptional activator for both MAO-A and MAO-B.
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4. Implications for MAO in psychiatric illness

4.1. Impact of stress on MAO

Chronic stress encompasses the psychological 
perturbations that affect the normal physiological state 
of the body and interferes with emotional, cognitive, 
and physical aspects of health. Often, stress may 
precipitate or present comorbidly with depression. 
A major response to stress is the production of 
glucocorticoids, steroid hormones secreted from the 
adrenal zona fasciculata, which play a crucial role in 
sympathetic arousal, immunity, and behavior. Excessive 
glucocorticoid exposure can result in neuronal cell 
death and dysregulation as an abnormal increase of 
glucocorticoid levels has been associated with atrophy 
of the hippocampus (49) and major depression (50). 
Additionally, stress has been correlated with increased 
salivary activity of MAO-A and MAO-B (51). Stress 
may also impact the expression of monoamine 
oxidases, further decreasing monoamine availability in 
depression.
 As MAO and glucocorticoid hypersecretion are 
associated with depression, the synthetic glucocorticoid, 
dexamethasone, has been documented to increase 
MAO-A activity but decrease the MAO-transcriptional 
repressor, R1, in human neuroblastoma and glioblastoma 
cells through its role as a cellular stressor (52) (Figure 
1A). For example, dexamethasone administration 
to older Sprague-Dawley rats can increase MAO-A 
density in the brain by 300% (53), and dexamethasone 
has been shown to increase MAO-A mRNA, protein, 
and enzymatic activity in human skeletal muscle cells 
(54). Furthermore, dexamethasone increases MAO-A in 
the dorsal raphe nucleus in rats (55), induces MAO-B 
expression and activity in both neuronal cells (56) and 
astrocytes (57), and ultimately reduces the number of 
viable brain cells (58).
 The biological action of glucocorticoids and 
androgens are mediated through their respective 
receptors, glucocorticoid receptor (GR) and androgen 
receptor (AR) (12). GR and AR undergo dimerization 
before binding to a specific region in their promoter 
responsible for gene expression, the glucocorticoid 
response element (GRE) and the androgen response 
element (ARE), respectively. There are three consensus 
GRE/AREs and a core promoter with four Sp/KLF-
binding sites that have been identifi ed within the human 
MAO-A 2 kb promoter region (Figure 1A); Ou et al. 
reported that deleting the third GRE/ARE reduced the 
glucocorticoid effect compared to that of wild type upon 
dexamethasone exposure, yet still showed an increase 
in MAO-A promoter activity as compared to cells not 
treated with dexamethasone. These results suggested 
that the third GRE/ARE element was important for 
the GR activation (52). In the case of MAO-B, four 
consensus GREs have been identifi ed in the MAO-B 2 

kb promoter and GRs directly bind to GRE4 (59). Much 
like MAO-A's third GRE, glucocorticoid complexes 
may target a particular region within the promoter. 
In addition, Sp/KLF-binding sites in the MAO-B 
core promoter are also necessary for glucocorticoid 
activation of the MAO-B promoter as deletion of Sp/
KLF-binding sites downstream of GRE4 reduced 
MAO-B's response to glucocorticoids (59). Indeed, Sp1 
appears to be a key player in glucocorticoid regulation 
over MAO-B as removal of GRE in the core promoter 
still results in glucocorticoid-inducible MAO-B 
upregulation (59). Glucocorticoids also show an ability 
to directly interact with basal transcription factors, 
such as TATA-binding protein, transcription factor 
IIB (TFIIB) and other co-activators. To counteract 
the effect of glucocorticoids, R1 is shown to compete 
with Sp1 for binding to Sp/KLF-binding sites in the 
MAO-B core promoter, thereby exerting repressing 
effects on MAO-B (59). In fact, overexpression of E2-F 
associated phosphoprotein (EAPP), a ubiquitous nuclear 
protein, and R1 reduces both basal and Sp1-enhanced 
glucocorticoid activation (59), suggesting cell-specifi c 
events may supersede the action of glucocorticoids.
 Chronic stress may result in long-lasting changes 
in the brain due to elevated levels of MAO including 
increased cell death due to the presence of ROS. As a 
result, an MAO inhibitor prevents cell death related 
to this manner of toxicity (60). M30, a new inhibitor 
of MAO, has recently demonstrated its effectiveness 
in neuroprotection by significantly decreasing the 
enzymatic activity of both MAO-A and MAO-B in 
human neuroblastoma cells while also decreasing the 
amount of fragmented DNA due to ROS production 
and increasing cell viability in stressful environments 
(61). Compared to rasagiline and selegiline, which are 
irreversible MAO-B inhibitors, M30 had the highest 
neuroprotectivity by providing the greatest decrease 
in cell death rates and MAO-A activity following 
dexamethasone-induced toxicity (61). In light of the 
neuroprotective advantages MAO inhibitors provide, 
newer generations of MAO inhibitors, currently used 
for the treatment of depression and neurodegenerative 
diseases, may be potential drug candidates for 
alleviating the toxic, pejorative effects of increased 
MAO-A and MAO-B in chronic stress.

4.2. MAO-A in depression

Major depressive disorder (MDD) has a lifetime 
prevalence of 16.6% (62), making it an important topic 
of research and necessitating new pharmacological 
targets in clinical treatment. Since resistance to 
treatment and recurrence of major depressive episodes 
constitute a large portion of the MDD burden, it is 
important to evaluate monoamine dysregulation during 
and after selective serotonin re-uptake inhibitor (SSRI) 
treatment. Moreover, the MAO theory of depression is 
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bolstered since SSRI's have no direct effect on MAO's 
and work secondarily on transporters that are responding 
to changes in monoamine concentration. Meyer et al. 
were able to demonstrate that greater MAO-A binding 
during major depressive episodes persists after short-
term SSRI treatment and is greater during recovery 
from MDD (63). This supports an ongoing monoamine-
lowering process due to pathological conditions that is 
not entirely counterbalanced by SSRI treatment. From 
the perspective of the monoamine theory, SSRIs raise 
serotonin levels vigorously (64), whereas elevated 
MAO-A levels would be expected to metabolize 
serotonin and other monoamines readily. The high 
recurrence rates of major depressive episodes following 
short-term SSRI treatment indicate the power of 
MAO-A on the monoamine-lowering process. With 
MAO-A binding greater during recovery, an underlying 
impaired ability to regulate monoamines is present 
competing to lower monoamine concentrations which 
have been increased by SSRI treatment. Hence, 
the mismatch between monoamine levels raised by 
treatment and monoamine levels lowered by disease 
processes might, at times, contribute to a lack of 
response to SSRI treatment (63). Another aspect to 
consider in MAO theory is that MAO-A metabolism 
creates ROS that are potentially neurotoxic if present in 
excess, such as hydrogen peroxide. This could be one 
explanation for dendritic loss, cortical shrinkage, and 
neuronal apoptosis associated with MDD.
 A promising avenue to depict human MAO-A 
density and distribution in vivo during a major 
depressive episode is using positron emission 
tomography (PET) with harmine-labeled carbon 11 
([11C]harmine), a selective, reversible PET radio tracer 
with high affinity for the MAO-A enzyme, showing 
high brain uptake in humans with the greatest uptake in 
regions with the highest MAO-A density. Meyer et al. 
reported that MAO-A density was elevated throughout 
the brain on average by 34% in MDD patients compared 
to controls, with the highest densities in the thalamus 
and cingulated cortex (65). These areas are of great 
significance as the thalamus, particularly the ventral 
posterolateral segment, has many acetylcholinergic 
projections containing MAO-A. The anterior nucleus 
has connections with the cingulate gyrus and the 
dorsomedial nucleus projects to the frontal lobe, both of 
which are implicated in mood processes. With no other 
studies explaining why monoamine levels are lower 
during a depressive episode, it is thereby plausible that 
an elevation in brain MAO-A density is the primary 
monoamine-lowering process during major depressive 
episodes (65).
 Genetic polymorphisms may also contribute to 
MAO-A expression and lower levels of neurotransmitters 
seen in depression. The MAO-A coding gene (Xp11.4-
Xp11.3) presents a well-characterized variable number 
tandem repeat (VNTR) functional polymorphism in the 

promoter region, which has two common alleles that 
selectively influence protein transcription and, hence, 
enzymatic activity (66). Beyond environmental factors, 
proof exists that innate genetic polymorphisms may 
ultimately impact susceptibility of psychiatric illness.
 The role of R1 in MDD has only recently been 
investigated. As R1 is a novel repressor of MAO-A 
and is also involved in cell cycle regulation, further 
research to elucidate their activity in mental illness is 
needed to determine whether morphological changes 
in the brain are contributed by R1. To support this 
notion, Johnson et al. reported a decrease in R1 by 
37.5% and an increase in MAO-A levels by 40% in 
human postmortem prefrontal cortices diagnosed 
with major depressive disorder (MDD) who had 
not undergone antidepressant drug therapy (67). 
Additionally, R1 levels in depressed individuals 
receiving antidepressants had comparable levels of R1 
to that of non-medicated depressed, suggesting that 
current antidepressants do not significantly modulate 
R1 levels. These results corroborate the notion reported 
by Meyer et al. that antidepressant treatments do not 
adjust MAO-A binding even after 6 weeks of SSRI 
treatment but only compensate increased MAO-A 
expression by amplifying neurotransmitter levels at 
the synapse. With results indicating elevated MAO-A-
binding and reduced R1 levels in vivo, and that current 
antidepressant treatments have no significant impact 
on the oxidation of monoamines, future research on 
R1 as a diagnostic tool and pharmacological target is 
justifi ed. 

4.3. MAO-B in alcoholism

Alcoholism is a substance use disorder with a lifetime 
prevalence of 14.6% (62) that results in cognitive 
impairments and brain cell loss. It is also a major 
psychiatric condition that causes approximately one-
half of alcoholics to suffer from neuropsychological 
difficulties (68,69) that affect physical health 
and memory along with social, family, and job 
responsibilities (70,71). Ethanol also induces neuronal 
cell death and cell cycle delay in cell model systems 
in vitro (72-74). Furthermore, alcohol-use disorders 
have been shown to reduce prefrontal cortex volume as 
compared to healthy controls (75) and lower densities 
of neuronal and glial cells in brains from human 
subjects with alcohol dependence (76,77). In addition, 
MAO-B has been implicated in alcoholism (78) and 
until recently, it was unclear exactly how MAO-B 
was involved. As previously discussed, MAO-B 
can generate ROS from the breakdown of biogenic 
amines, and is upregulated in response to KLF11 
(TIEG2) binding at the core promoter region of MAO-B 
promoter. Therefore, the KLF11(TIEG2)-MAO-B 
cascade has a role in cell dysfunction and damage (79) 
related to alcohol use disorders.
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 Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) is a multifunctional protein that catalyzes 
and breaks down glucose with the release of energy and 
carbon (80), occurring during the 6th step of glycolysis. 
Recently, GAPDH has been implicated in other non-
metabolic roles involving the initiation of apoptosis and 
transcriptional regulation. Furthermore, the protein level 
of GAPDH was not only increased in the prefrontal 
cortex of brains from human alcoholics (81), but also 
elevated in rat brains that were exposed to ethanol (79). 
To examine the relationship between GAPDH and 
the KLF11-MAO-B cascade, Ou et al. treated human 
brain cell lines with ethanol and found that MAO-B 
mRNA levels were significantly increased by 4-fold 
and GAPDH was increased 3.5-fold in the nucleus 
with a 1.8-fold increase overall following ethanol 
treatments (79). Under these conditions, GAPDH-
KLF11 co-immunoprecipitation was increased in the 
nucleus, levels of GAPDH interacting with KLF11 
were increased, and KLF11-elicited MAO-B gene 
transcription is enhanced more by the coexpression of 
GAPDH (79). These results indicate that GAPDH can 
increase MAO-B via KLF11 in the presence of ethanol 
by translocating to the nucleus where it binds to KLF11 
and augments KLF11-mediated gene transcription for 
MAO-B at Sp/KLF binding sites (79), thereby resulting 
in subsequent cell damage in neuronal cells exposed to 
ethanol due to increased MAO-B-mediated oxidative 
stress (Figure 1B). Remarkably, ethanol exposure in the 
presence of an MAO-B inhibitor (deprenyl) reduced the 
expression of both KLF11 and MAO-B and increased 
cell viability (60). Moreover, a new MAO-B inhibitor 
(rasagiline) and its metabolite could decrease ethanol-
induced cell death by preventing nuclear translocation 
of GAPDH in cell cultures in vitro (80).
 In vivo studies examining the prefrontal cortex (PFC) 
from postmortem subjects with alcohol dependence 
showed a significant increase in protein levels of 
GAPDH and MAO-B compared to normal subjects 
while ethanol-preferring rats showed a two-fold 
increase in GAPDH and a 1.7-fold increase in MAO-B 
protein in the PFC when exposed to ethanol for 4 weeks 
(82). Interestingly, rats treated chronically with ethanol 
not only showed an increase in GAPDH and MAO-B 
protein levels, but also resulted in a 1.6-fold increase 
of KLF11, a 1.37-fold increase in MAO-B catalytic 
activity, and a 1.8-fold increase in active caspase 3, an 
apoptotic protein, in the PFC compared to control rats 
(74). Conversely, the anti-apoptotic protein, Bcl-2, was 
decreased by 41% in rats exposed to ethanol compared 
to controls (82). The decrease in anti-apoptotic Bcl-
2 and increase in apoptotic caspase 3 in the PFC of 
rat brains upon ethanol exposure suggest that ethanol 
induces apoptosis that may be mediated by an increase 
in the KLF11-MAO-B cell death cascade (82). The 
GAPDH-KLF11-MAO-B cascade is a novel approach 
for explaining ethanol-induced neuronal death due to 

chronic alcoholism. However, the precise mechanism 
for GAPDH-mediated damage in alcoholism and 
upstream effectors of GAPDH in this context remains 
elusive.

5. Conclusion and future directions

Monoamine oxidases play a fundamental role in brain 
homeostasis by regulating neurotransmitters which has 
been substantially documented in literature. However, 
improper levels of monoamine oxidase can otherwise 
damage the brain and impact behavior. Because fi nding 
the proper balance in MAO expression is paramount, 
any deviation can result in significant impairment or 
psychiatric illness. For example, since MAO-A and 
MAO-B catalytic activity produces neurotoxic hydrogen 
peroxide and nitrogen species resulting in oxidative 
damage to mitochondrial DNA, they hold implications 
for apoptosis, neuronal aging, neurodegenerative 
diseases, mental illness, and developmental disorders. 
Furthermore, if R1 acts as an anti-apoptotic force and 
reduced levels of R1 have been verifi ed in postmortem 
brains of individuals diagnosed with major depressive 
disorder, then it is plausible that decreased R1 could 
attribute to not only a loss of monoamines, but increased 
neuronal apoptosis and dendritic loss associated with 
depression. Further studies to investigate the extent 
of cortical shrinkage as a result of R1 are necessary. 
Likewise, studies to measure the extent of brain tissue 
injury and axonal deterioration as a result of increased 
KLF11, MAO activity and oxidative stress associated 
with alcohol dependence are also warranted. Many 
important MAO transcription factors have been recently 
discovered; however, it remains unclear how these 
factors function in response to many physiological 
changes, hormonal infl uences, age, cortical organization 
and neurodevelopment, metabolic changes, downstream 
neurotransmitter pathways, cellular signaling pathways, 
and current antidepressant medications.
 Since MAO downregulation does not adequately 
occur with current antidepressant treatment regimens, 
it could be possible that maintaining a normal level 
of neurotransmitter at the synapse for an extended 
period of time could adjust or "reset" MAO expression 
via upstream or downstream regulatory pathways, 
endocrine responses, or neuronal resurgence, and 
also involve individual genetic backgrounds. If MAO 
upregulation is the first step towards a monoamine-
lowering process during depressive disorders, such as 
major depressive disorder, it makes sense that MAO 
downregulation would be the last step involved in a 
pathological recovery process. To elucidate this notion, 
many signaling and second messenger pathways 
would need to be studied in relation to their impact on 
MAO transcription factors. Finally, pharmacological 
targeting of aforementioned molecular pathways in 
major depressive disorder and alcoholism could provide 
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tremendous benefits for treatment and prognosis. 
Alternative pharmacological approaches could involve 
gene therapy with siRNAs, specific drug targeting 
of transcription factors and the development and 
application of newer generation MAO inhibitors. Much 
work is still needed in the field of MAO research; 
although, new advancements in our understanding of 
MAO related to psychiatric illness will be fruitful for 
future research directions and clinical outcomes.
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ABSTRACT: Nicotine addiction remains the 
leading cause of death and disease in developed and 
developing nations and a major cause of mortality 
around the world. Currently, nicotine replacement 
therapies (NRTs), bupropion, and varenicline are 
approved by the regulatory agencies as first-line 
treatments for nicotine addiction. Emerging evidence 
indicates that varenicline and bupropion have 
some therapeutic limitations for treating nicotine 
addiction with oral route of administration. Thus, 
continued investigation of innovative drug delivery 
for nicotine addiction remains a critical priority. 
This review will discuss some novel strategies and 
future directions for pulmonary drug delivery, 
an emerging route of administration for smoking 
cessation. It is anticipated that the advancement of 
knowledge on pulmonary drug delivery will provide 
better management for nicotine addiction and other 
addictive disorders.

Keywords: Nicotine addiction, bupropion, varenicline, 
nicotinic receptor, pulmonary drug delivery, dry powder 
inhaler (DPI), metered dose inhaler (MDI), nebulizer

1. Introduction

Tobacco smoking and nicotine addiction is a growing 
public health problem in the developing and developed 
world. The World Health Organization (WHO) 
estimates that about 30% of the adult male global 
population smokes (1). It is estimated that each year 
tobacco smoking accounts for about 3 million deaths 
worldwide. Unless the current trends are reversed, by 

the year 2030, this fi gure will be increased to 10 million 
deaths every year. Seventy percent of these deaths are 
predicted to be in developing nations. In the USA alone, 
tobacco smoking causes 440,000 deaths annually (2). 
Approximately, 50% of long-term tobacco smokers 
die prematurely from adverse effects of smoking, 
including cancer, cardiovascular disease, lung disease 
or other illness (3). The risk of tobacco smoking 
can be reduced significantly by smoking cessation 
with multiple strategies including pharmacotherapy. 
Current pharmacotherapies (Table 1) include nicotine 
replacement therapy (NRT) in the form of gum, 
transdermal patch, sublingual tablet, nasal spray, and 
vapor inhaler formulations; however, each therapy has 
its advantages as well as some significant drawbacks 
(details in the section 5.1.). There are two non-nicotine 
based medications which have been approved by the 
US Food and Drug Administration which are bupropion 
(Zyban) and varenicline (Chantix) (4-6). Recent data 
suggest that varenicline and bupropion have some 
therapeutic limitations or adverse effects for treating 
nicotine addiction with current delivery system. Like 
other brain disorders (Table 2), continued investigation 
of innovative drug delivery for nicotine dependence 
remains a critical priority. In this review, we will discuss 
novel strategies and future directions for smoking 
cessation using a suitable inhaler for deep lung delivery 
of nicotine, an emerging route of drug administration. 
The currently available nicotine inhaler delivers nicotine 
into the mouth for buccal absorption and there is no 
ideal inhaler to deliver nicotine into the deep lung. The 
pulmonary route of nicotine delivery would be expected 
to mimic the effects of tobacco smoking and would 
signifi cantly reduce cravings and withdrawal symptoms. 
It is anticipated that the advancement of knowledge on 
pulmonary drug delivery will provide novel therapeutic 
formulations for better management of nicotine addicted 
population. Improvement of nicotine addiction treatment 
depends on the novel pharmacotherapeutic approaches, 
including new drugs or new formulation of current drugs 
and/or novel delivery technique, like deep lung delivery, 
which is discussed in the following sections.

DOI: 10.5582/ddt.2012.v6.3.123Review
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2. Pulmonary delivery technology

Aerosol delivery of drugs, formulated as liquid 
solutions, suspensions, emulsions, or micronized dry 
powders, are aerosolized via some commonly used 
different types of delivery devices i.e., nebulizers, 
metered dose inhaler (MDI), and dry powder inhaler 
(DPI). Nebulizers deliver large volumes of drug 
solutions or suspensions and are used for those drugs 
which are difficult to be formulated into pressurized 
metered dose inhalers (pMDIs) or DPIs. Nebulizers are 
suitable for drugs with high dose and little patient co-
ordination or skill; however, treatment using nebulizer 
is time consuming and less efficient, resulting in the 
waste of active medicaments. They are not portable 
devices and have been limited to the treatment of 
hospitalized patients only.
 Metered dose inhalers/pMDIs are the most 
commonly used delivery devices (Figure 1), which 
deliver drug. In this delivery method, drug is either 
dissolved or suspended in liquefied propellents. The 
propellents used in pMDI formulations are liquefied 
gases of chloroflurocarbons (CFC), which are not 
environmental friendly. This is the reason why 
currently hydrofluoroalkanes (HFAs), which have no 
remarkable effects on the ozone layers, are used in the 
formulation for MDIs. On spraying, drug formulation 
with propellants is expelled and aerosolized (Figure 1). 
Although pMDIs are widely used in respiratory drug 
delivery, some problems have been associated with 
these devices, including the need for coordination of 
inspiratory inhalation with valve actuation and the use of 
a propellant, which has possible adverse effects on the 
stratospheric ozone layer. 

 In addition, pMDIs have some other disadvantages 
such as oropharyngeal deposition of drugs. On actuation, 
the particles aerosolized from the MDIs have a high 
velocity, which exceeds the patients' inspiratory force, 
therefore, a large number of particles deposit onto the 
oropharyngeal areas. Thus a small fraction of drug 
deposits into the patients lungs due to a lack of co-
ordination between actuation and inhalation (7). To 
overcome this difficulty several inhalation aids like 
spacers incorporated with MDIs have been developed 
(8) to improve the delivery; however, bacterial 
contamination of spacer devices are very common if the 
devices are not cleaned and dried appropriately (9). 
 Dry powder inhalation formulations contain the 
drug in a powder form and the drug particles (< 5 μm) 
are blended with a suitable large carrier (i.e., lactose) 
to improve flow properties and dose uniformity (10) 
and drug powders are delivered into the deep lung via 
DPI devices (Figure 2). Powder de-agglomeration and 
aerosolisation from these formulations are achieved by 
the mechanical force provided by the device and patient's 
inspiratory airfl ow, which needs to be suffi cient to create 
an aerosol containing respirable drug particles for lung 
deposition. Good fl ow properties of the formulation are 
necessary to ensure accurate dose metering of the drug. 
Advantages of DPI over other inhaler systems (pMDIs) 
are independence of breathing co-ordination with dose 
actuation, the absence of propellants, low innate initial 
velocity of particles (reducing inertial impaction at the 
back of the throat), and solid state drug stability. Drug 
dispersion from the powder formulation can be enhanced 
by the addition of fine excipients in the formulation 
(11,12). Drug particle size and powder formulation, 
breathing patterns, and complex physiology of respiratory 
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Table 2. Drugs administered as aerosols against smoking cessation and other neurological diseases

Active drugs

Nicotine
Nicotine
Nicotine
Nicotrol®, Nicorette® (Nicotine)
Dihydroergotamine mesylate
Ergotamine tartrate
Detorelix
Dopamine D-1 agonist, ABT-431
L-Dopa
Dopamine agonist

Indication

Smoking cessation
Smoking cessation 
Smoking cessation
Smoking cessation
Migraine, Vascular cephalgia
Migraine, Vascular cephalgia
Migraine, Vascular cephalgia
Parkinson's disease
Parkinson's disease
Parkinson's disease

Formulation

Aqueous solution
Suspension
Micronized powder
Nicotine cartridge/Liquid
HFA 134a based suspension 
Suspension
Suspension of liposomal drugs
HFA based suspension
Micronized powder
Suspension in propellant and poloxamer

Delivery system

MDI (AERx Essence®)
MDI
DPI
DPI & MDI
MDI
Unavailable
Intratracheal (i.t.) instillation 
MDI (AERx)
Alkermes AIR/DPI
MDI

References

(72,73)
(70,71,83)
(67)
(64,68)
(84)
(50)
(85)
(86,87)
(52,88)
(89)

MDI: metered dose inhaler; HFC is hydrofluoro alkane; AERx is a DPI device that deliver aerosolized drugs from a dosage form that consists of liquid 
drug formulation. 

Table 1. Currently approved medications for smoking cessation (4,57)

Delivery methods

Oral, nasal, skin, nicotine cartridges in an inhaler, pMDI
Oral
Oral

Pharmacotherapy

NRT*
Bupropion (Zyban®)
Varencline (Chantix®)

Common side effects

Skin reaction, insomnia, irritation of mouth and throat
Insomnia, dry mouth, suicide ideation
Headache, mood changes, insomnia, constipation, suicide ideation

* NRT: nicotine replacement therapy.
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and breathing patterns of the patients (15-17). Inertial 
impaction and sedimentation are the most important 
for large particle deposition (1 μm < MMAD < 10 μm). 
Large particles (> 5 μm) with high velocity (due to higher 
mass) are mainly deposited by impaction (18). Particles 
of smaller size (0.5-3.0 μm), which have tendency to 
escape from deposition by inertial impaction, may be 
deposited by sedimentation. Deposition of small particles 
by sedimentation mainly occurs in the smaller airways 
and alveolar regions and increased sedimentation is 
observed during breath-holding or slow steady breathing 
(18). Deposition of particles less than 0.5 μm occurs in 
the lower airway of lungs by diffusion due to Brownian 
movement. Generally, the deposition of particles larger 
than 1.0 μm is dominated by inertial impaction and 
particles smaller than 0.1 μm are deposited by diffusion. 
Both sedimentation and diffusion are important for 
the particle size ranging between 0.1-1.0 μm (19). The 
maximum pulmonary deposition of particles of 1.5-2.5 
μm and 2.5-4 μm diameters occurred with and without 
breath holding, respectively. However, rapid breathing 
showed maximum deposition of particles between 1.5-2 
μm in the tracheobronchial region with breath holding 
and particles between 2-3 μm deposited in the pulmonary 

tract are major factors affecting delivery of drugs into 
the deep lung. DPIs are highly portable, breath activated, 
and relatively less expensive. Since drugs are kept in 
solid state in DPIs, they exhibit high physicochemical 
stability of drugs particularly proteins and peptides. In 
DPI formulation the device is an important factor in 
achieving adequate delivery of inhaled drug to lungs. 
The device must provide an environment where the drug 
can maintain its physicochemical stability and produce 
reproducible drug dosing.
 On inhalation, drugs are dispersed and delivered into 
deep lungs. To achieve a desired therapeutic effect from 
aerosols, an adequate amount of drug must reach the 
alveolar sacs of the respiratory airways. The dynamic 
behavior of aerosol particles is governed by the laws 
of aerosol kinetics (13). The dominant mechanisms of 
depositing aerosol particles into the respiratory tract 
include inertial impaction, sedimentation (gravitational 
deposition), Brownian diffusion, interception, and 
electrostatic precipitation (14). The distribution of 
the inhaled drug particles in the lung depends on 
the characteristics of the inhaled particles, such as 
drug particle diameter, mass, shape, density and 
hygroscopicity, the physiology of the respiratory tract, 

Figure 1. Schematic diagram of aerosol delivery of drugs from pMDI. Modifi ed form Dalby et al. (94).

Figure 2. Schematic diagram of the pulmonary delivery of drugs from DPI formulation. The formulation consists of 
micronized drugs adhered on the surface of large carrier particles. Drug particles detached from the surface of large carriers and 
deposits into the patients airways by inhalation.
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region without breath holding (15). Therefore, slow 
inhalation is desirable to obtain maximum deposition of 
aerosol particles in the lower airways of lung. Although 
particles less than 1 μm have challenging dispersion 
behavior due to the strength of the inter-particle forces, 
inhaled nanoparticles or nanoagglomerates of various 
drugs showed better dispersion (20-24), rapid absorption 
(25), and avoidance of mucociliary clearance (26). 
Recently, a formulation containing carrier lactose and 
salbutamol sulphate nanoparticles, which demonstrated 
a 2- to 3-fold increase in total lung deposition compared 
to a formulation containing the same drug as micronized 
form (20) has been reported.
 Electrostatic charges may be generated in a DPI on 
particles of an aerosol and a charged particle may induce 
an image charge of opposite polarity on the airway 
walls during inhalation. This image charge attracts the 
particle which is subsequently deposited by electrostatic 
precipitation (18,27). Only fi brous particles are believed 
to be deposited by this mechanism, therefore, this 
mechanism may not be signifi cant for DPI formulations. 

3. Pulmonary delivery of various drugs

Currently, local delivery of medicaments to the alveoli of 
lungs from both DPIs and pMDIs are mainly used for the 
treatment of lung disorders including asthma and chronic 
obstructive pulmonary disorders (COPD) and a limited 
number of therapeutic compounds such as β-adrenoceptor 
agonist, muscarinic agonist, corticosteroids, and mast cell 
stabilizers are available. Recently certain combinations of 
drugs are also formulated due to a synergistic therapeutic 
benefi t. Zanamavir, an antiviral agent has been introduced 
in the market as an aerosol product for the treatment 
of influenza (28). Aerosol delivery of recombinant 
human deoxyribonuclease (rhDNase) and tobramycin 
are available as nebulizer for the treatment of cystic 
fi brosis (28,29). The very fi rst approved aerosol delivery 
of insulin as DPI formulation (Exubera®, Pfizer) was 
introduced in the market, however, the production has 
been discontinued from market because the sales of this 
product were disappointing as the product failed to gain 
acceptance of patients and physicians. The manufacturer 
failed to demonstrate the clinical benefi ts of the inhaled 
insulin over the currently available self-injection insulin 
products to the doctors and patients. Although the DPI 
product is stable (compared to the liquid injectable 
product) and easy to use; however, due to the higher 
cost of Exubera®, clumsy design of the device and poor 
marketing are also responsible for this breakdown.
 Using DPI technique respiratory delivery of other 
potent drugs or other agents, such as hormone (30), 
antibiotics (31,32), drugs for Parkinson's disease 
(33), gene delivery (34,35), vaccine delivery (36-38), 
antituberculosis (39,40), antihypertensive nifedipine (21), 
anticoagulant heparin (41), drugs for sexual dysfunction 
(42), opioids (fentanyl) for cancer pain (43-45), and 
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atropine sulphate nanoparticle as an antidote for 
organophosphorus poisoning with better bioavailability 
have been reported (46). The inhaled dry powders of 
levodopa showed to produce a therapeutic effect within 
10 min of administration for the treatment of Parkinson's 
disease (47). Using a mouse model, deep lung delivery 
of poorly water soluble drug, ibuprofen nanoparticle 
showed 3-5 orders of magnitude less dose than that 
required for oral administration of the drug to achieve the 
same analgesic effect (48). Deep lung delivery of various 
drugs has been investigated and the pulmonary route has 
been found to be more effective compared to those of 
other routes. Aerosol delivery offers the greatest potential 
to delivery drugs into the lower airway of lungs of a wide 
range of molecules for systemic diseases.

4. Pharmacokinetics of some inhaled drugs

Very little is known about the pharmacokinetics of inhaled 
drugs. Recently, the bioavailability of levonorgestrel after 
pulmonary and oral administration has been investigated 
and pulmonary delivery of liposome encapsulated 
levonorgestrel produced prolonged effective concentration 
of the drug in the plasma over a period of 16-60 h 
with reduced side effects compared to that of orally 
administered drug (49). Higher plasma concentration 
of ergotamine tartrate was found when delivered via 
pulmonary route compared to that of orally administered 
tablet (50). This study revealed the superiority of inhaled 
route to the oral route of drug delivery. In another study, 
inhaled L-dopa produced at least 2-fold fewer doses 
compared to that of oral dose (51). Using a rat model, lung 
delivery of L-dopa dry powder formulation, developed by 
Alkerme's Advanced Inhalation Research (AIR), showed 
rapid and higher plasma levels (Cmax, 4.8 ± 1.10 mg/mL in 
2 min) compared to that of oral administration where the 
drug produced delayed and lower plasma level (Cmax, 1.8 
± 0.40 mg/mL) in 30 min (52).
 Deep lung delivery of Ergotamine tartrate (ET) via an 
inhaler (Medihaler®) produced 9-fold higher peak plasma 
concentration (Cmax, 1,109 pg/mL at 4 min) compared 
to that of sublingual ET formulation (Cmax, 134.0 pg/mL 
at 37 min) (53). Inhaled testosterone in postmenopausal 
women delivered by AREx (a novel handheld aerosol 
delivery system) produced a dose dependent increase 
in plasma drug concentration (54). After administering 
the maximum dose of 3.0 mg, plasma concentration 
(Cmax) of free testosterone was increased from 0.6 
nmol/L to a maximum level of 62.6 nmol/L achieved 
within 1-2 min after dosing. The authors demonstrated 
that the administration of inhaled testosterone was 
safe and no adverse effects related to the treatment 
occurred. Inhalation route can be an alternative route 
with safety profile to consider for many therapeutic 
agents (55). Thus the lung delivery of drugs has a lot of 
potential in managing various diseases with excellent 
pharmacokinetic profi les.
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5. Medications for smoking cessation

5.1. Nicotine replacement therapy 

Nicotine replacement therapy (NRT) may facilitate 
smoking cessation in several ways. The primary action 
is believed to be the relief of craving and withdrawal 
symptoms when a person stops tobacco use (56). 
The second critical effect of NRT is being positive 
reinforcement. The third possible mechanism of benefi t 
has been suggested to be the potential for nicotine 
based medications to desensitize brain nicotinic 
acetylcholine receptors (nAChRs). A desensitized state 
of nAChRs such as alpha4beta2 subtype and/or other 
subtypes may cause in reduced receptor responsiveness 
to endogenously released acetylcholine which may 
be relevant to general mood stabilizing effect (57). 
Currently, NRT is available in 5 different formulations 
with different pharmacokinetic profiles, i.e., chewing 
gum, lozenges, sublingual tablets, transdermal patch, 
and/or nasal spray inhale. The gum is available in two 
doses (2 or 4 mg) and the amount of drug absorbed 
from nicotine gum is much lower (~50%) than nicotine 
content in the formulation. With regards to the lozenges 
chewing is not required but like gum, nicotine from 
this preparation is absorbed very slowly through the 
buccal mucosa. A significant amount of nicotine is 
swallowed when using sublingual tablets, gum or 
lozenges and undergoes hepatic first pass metabolism 
and thus reduced bioavailability (20-45%) (58,59). The 
transdermal patch is much easier to use; however, the 
rate of nicotine delivery from this formulation is very 
slow and has an initial lag time of about 1 h before 
nicotine appears in the blood stream and a very slow 
rise (2-6 h) (60). Nicotine absorption from sublingual 
tablets are somewhat higher than that of gum; however, 
efficacy rates appeared to be consistent with gum and 
lozenge preparation (61). Absorption of nicotine from 
capsules or solutions is not promising and peak plasma 
concentrations are achieved in about 1 h after oral 
administration (59,62). Nicotine is ionized at low pH 
(stomach) and thus poorly absorbed from the stomach 
but it is well absorbed from intestine due to alkaline pH. 
The pharmacokinetics of currently available nicotine 
dosage forms are presented in Table 3, which indicates 
that the absorption of nicotine from orally administered 
formulations is slower and peak plasma concentrations 
are gradual compared to that of smoking. No signifi cant 
difference in efficacy has been shown between 
formulations (3). Nicotine absorption from nasal 
spray is very rapid (Cmax 8.6-10.5 ng/mL at 2.5-5 min) 
(63) compared to that of gum; however, it has some 
unavoidable drawbacks like burning nose and throat, 
watery eyes, runny nose, sneezing, and coughing (64), 
which limit its application in smoking cessation. The 
nicotine vapor inhaler (inhaled by mouth) containing 
nicotine cartridge (10 mg each) deliver nicotine more 

into the oral cavity, stomach and very little into lungs 
(65). This is not a real inhaler that delivers drug into 
the deep lungs for better absorption. In addition, the 
nicotine delivery from this type of inhaler is temperature 
dependent (to vaporize the nicotine) and the inhaler is 
required to be kept warm before inhalation. From the 
above discussion, it is evident that each of the above 
mentioned nicotine based therapy has its advantages as 
well as some unavoidable limitations.
 Although these products are alternatives of the 
nicotine associated with tobacco consumption, none 
of these found to produce rapid absorption and quick 
onset of action that can be achieved with cigarette. It is 
assumed that these products do not show the ability to 
effectively relief the craving for cigarettes associated 
with nicotine withdrawal. Therefore, this intense craving 
drives smokers back to cigarettes. New delivery method 
such as pulmonary drug delivery may enhance the 
efficacy of some NRT formulations. The pulmonary 
route is known as one of the efficient methods of 
delivering drugs to the body due to large surface area of 
the pulmonary alveoli, small airways, and dissolution 
of nicotine products in the fl uid of pH 7.4 in the lungs 
facilitates transfer across membrane. A unique inhaler 
(DPI or MDI) would deliver nicotine to the lung in a 
manner comparable to nicotine intake through smoking. 
It is anticipated that this new method like lung delivery 
of nicotine would reduce background cravings and 
withdrawal symptoms for rapid relief of cravings 
(57,66). Thus pulmonary drug delivery technology 
may revolutionize the effective treatment by right NRT 
formulations and the following section is dedicated to 
demonstrate the current status and future direction of 
developing inhalable nicotine formulation. 

Table 3. Pharmacokinetics (average values) of different 
dosage forms of Nicotine products

Dosage forms and administration

Smoking
      1.1 mg/cigarette
      0.9 mg/cigarette
MDI 
      50 μg /puff (0.5 mg dose)
      100 μg /puff (1.0 mg dose)
Vapor Inhaler (10 mg cartridge)
Nasal spray (2.0 mg)
Nicotine vapor inhaler (1.1 mg)
Nicotine Gum (2.0 mg)
Logenze
      2.0 mg
      4.0 mg
Transdermal patch
      15 mg/16 h
      21.0 mg/24 h (Novartis)
      21.0 mg/24 h (Alza)
Oral solution 2.0 mg
Oral capsules 3-4 mg
Sublingual tablet 2.0 mg

Cmax (ng/mL)

25.9
38.9

12.5
  9.4
  8.1

8.6-10.5
  5.8
6-9

  4.4
10.8

11.9
17.0
21.9
  4.7
6-8
13.2

     Tmax

  2.0 min
  4.0 min

  6.0 min
  5.0 min
30 min
2.5-5 min
10 min
30 min

60 min
66 min

  6.5 h
10 h
  3.8 h
52 min
90 min
20 min

Ref.

(71)
(90)
(71)

(91)
(63)
(90)
(92)
(93)

(60)

(62)
(59)
(61)
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5.2. Deep lung delivery of nicotine

No DPI/MDI formulations for pulmonary delivery of 
nicotine have been approved yet for the management 
of nicotine addiction. Only two products, i.e., Nicotrol® 
and Nicorette® Inhalers (Pfi zer) of nicotine are available 
as nicotine vapor inhaler; however, these devices deliver 
nicotine into buccal areas, not into the deep lungs, 
resulting in lowering plasma maximum concentration 
and delayed time to reach maximum concentration. In 
1997, Rose et al., patented a DPI formulation of nicotine 
bitartrate with lactose powders for lung delivery with a 
view to manage smoking cessation; however, no further 
details are accessible (67). In an early study, a nicotine 
pMDI formulation containing nicotine in ethanol with 
hydrofluoroalkane (HFA), produces a microaerosol of 
fi ne droplet size that mimics the nicotine delivered via 
tobacco smoke (68). The author emphasized the nicotine 
pMDI offered safer delivery compared to that of smoked 
tobacco where heat, carcinogens, and carbon monoxide 
produce various adverse effects. Delivery of nicotine 
to the deep lung was comparable to cigarette smoking 
and this method showed to reduce cravings and nicotine 
withdrawal symptoms (69). A breath-activated MDI 
nicotine formulation, that produced a fi ne particle dose 
(FPD) up to 60%, would rapidly produce maximum 
plasma concentration to reduce smoking urges (70). 
This type of nicotine delivery is encouraging and 
suitable for relieving nicotine addiction; however, no 
further details are available. Very recently, using a large 
spacer with MDI lung delivery of nicotine produced 
a median maximum plasma concentration, which was 
about 50% of the amount that was obtained by smoking 
a cigarette (71). This formulation produced higher peak 
plasma levels and was achieved rapidly compared to 
those of many current forms of nicotine replacement 
therapy. In addition, inhaled MDI formulation showed 
self-satisfaction and reduce urge to smoke similar 
to a cigarette. Gonda et al., delivered clean nicotine 
aqueous solution to the deep lung for tobacco smoking 
cessation treatment using a promising device, AERx 
Essence® inhaler (72,73) and produced a rapid and dose 
proportional increase in plasma nicotine concentration 
within 1 min (data not accessible). Although nicotine 
was eliminated rapidly from the blood stream, prolonged 
craving reduction was observed without administering 
another dose. The craving reduction could be due to 
changes in brain nicotinic receptor regulation and 
neuroadaptation associated with brain reward circuitry 
(3-5). These studies suggested that deep lung delivery 
of nicotine using inhaler devices with better formulation 
would be an effective way to eliminate the craving for 
cigarettes and other tobacco products.
 Nicotine absorption via lung from smoking is very 
rapid and currently available nicotine products (Table 
3) deliver nicotine more slowly compared to that of 
smoking, which indicates that the pulmonary delivery is 

advantageous over other routes. The typical steady-state 
plasma concentrations of nicotine from gum, inhaler, 
sublingual tablets, and nasal spray is in the range of 
5-15 ng/mL and from nicotine patches (according to 
the design and dose of nicotine in patches) in the range 
of 10-20 ng/mL (Table 3). Administration of nicotine 
capsules or solution found to produce peaks plasma 
concentrations in about 1 h (59,62). The absorption 
of nicotine from gum is not fast and frequent dosing 
is required to achieve good absorption from the oral 
mucosa to achieve peak plasma levels of nicotine. 
Nicotine absorption from transdermal patch is very 
slow and plasma concentration rises gradually over 
6-10 h (depending on the type of product). The nicotine 
absorption from nasal spray was rapid and peak plasma 
concentration achieved within 5 min after administration 
(63) with a high individual variability. Hence, from the 
table it is evident that pulmonary delivery confirmed 
promising outcome compared to those of currently 
available non-inhaled nicotine products (tablets, 
capsules, nasal spray, gums, etc.).

5.3. Non-nicotine based medications 

Currently there are some non-nicotine based drugs, 
such as bupropion (Zyban®) and varenicline (Chantix®) 
available for the treatment of nicotine addiction and 
these drugs are considered better for the management 
of smoking cessation (74-78). Bupropion was originally 
marketed as an antidepressant agent but the effect 
on nicotine addiction appears to be separate from 
its antidepressant effect. It is an inhibitor of brain 
dopamine uptake process. In addition, bupropion in 
low doses can block brain nAChR function (74). The 
blockade of nAChRs function could decrease positive 
reinforcement effects in addicted populations (75). This 
drug is extensively metabolized by liver enzyme (t1/2 
approximately 21 h). The prolonged absorption of this 
drug was observed from sustained release and extended 
release formulations, with Tmax values of 3.0 and 5.0 h, 
respectively compared to that of immediate release (Tmax 
1.5 h); however, Cmax and AUC values found to increase 
proportionately with dose for all of these formulation 
(76). It is important to note that the pharmacokinetic 
profile of this drug is affected by age, sex, smoking, 
and renal and liver of the consumers. This drug is 
administered as a sustained-release formulation because 
of the major adverse effect – generalized seizures, 
which follow up high peak plasma concentration of that 
drug. The commonly observed side effect of bupropion 
is insomnia, but its occurrence can be reduced by taking 
the medication earlier in the day. Apart from insomnia, 
the most frequent effects are mouth dryness and nausea. 
It is contraindicated in patients who are suffering from 
seizure disorders. The dose is usually 150 mg/day for 
the fi rst 3 days and then 150 mg twice daily. Bupropion 
is useful either as a monotherapy or in combination 
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with NRT. Combination with NRT seems to be safe but 
there is a lack of studies demonstrating an increased 
long-term quit rate (3,4). Evidence suggests that 
bupropion blocks brain dopamine and/or norepinephrine 
transporters for its antidepressant effect (3). Recently, it 
was found that bupropion with a very low concentration 
may act as an antagonist at certain subtype of nicotinic 
receptors (3,5). Whether this pharmacological property 
of bupropion may account for smoking cessation 
effect remains to be confirmed. Although pulmonary 
delivery of this drug has not been studied yet, this 
mode of delivery system would be expected to be more 
effi cacious in terms of better pharmacokinetic (PK) and 
pharmacodynamic (PD) profi les for a better therapeutic 
outcome and effectiveness in the management of 
nicotine addiction resulting in enhancing the quit rate.
 Varenicline, the latest drug included in the list of 
non-nicotine medication as a potential drug for the 
management of smoking cessation. The drug was 
developed as a cytisine derivative to increase oral 
bioavailability and improve brain penetration (77). 
Varenicline is a partial agonist at nAChRs with higher 
affinity for brain alpha4beta2 compared to other 
subtypes such as α7 (77). Preclinical and clinical 
research has shown that varenicline produces less of a 
response than that of nicotine (30 to 60%) that would 
counteract the low brain dopamine levels occurred 
in the absence of nicotine during smoking cessation 
attempts (78). Thus the drug removes symptoms of 
craving and withdrawal. Overall, varenicline acts like 
a functional antagonist, reducing nicotine-induced 
brain dopaminergic activation (3,4). Moreover, the 
efficacy of varenicline was found to be higher than 
that of bupropion in preclinical and clinical studies 
(4). Several side effects with varenicline, such as 
nausea, vomiting, and vivid dreams have been reported 
in addicted populations. There have been reports 
about depression, suicidal thoughts, suicides, and 
serious neuropsychiatric symptoms in patients taking 
varenicline with recommended dose (79). The dose is 
usually started at a dose of 0.5 mg once daily for the 
fi rst 3 days, 0.5 mg twice daily for the next four days 
and then 1 mg twice daily. The half-life of this drug 
is approximately 17 (± 3) h after repeated dose, with 
Tmax 4.3 (± 2.3) h and Cmax 4.0 (± 0.7) ng/mL (80). 
Recommended duration of treatment is 12 weeks but in 
special groups of patients, who have had relapse with 
shorter duration of treatment, varenicline can be taken 
even for 24 weeks (4). No pulmonary delivery of this 
drug or PK of inhaled varenicline has been investigated 
so far. Despite some objections with reference to its 
use, varenicline is perceived by many clinicians and 
researchers as the effective smoking cessation aid. Like 
NRT and bupropion, lung drug delivery with better 
formulations of varenicline may be introduced for a 
better therapeutic outcome and effectiveness in the 
management of nicotine addiction. It is expected that 

the deep lung delivery of this drug would improve the 
PK/PD profiles for smoking cessation compared to 
those of existing delivery methods.
 The overall justification for the currently available 
pharmacotherapies for nicotine addiction is to mimic or 
replace the effects of nicotine by providing an agonist 
itself or to control the neurobiological mechanisms by 
NRT. However, these approaches do not show long 
lasting outcome. It has been reported that under an 
ideal circumstances the maximum abstinence rates are 
only 25 to 35% and approximately 80% of patients 
who used one of the currently available medications 
returned to smoking within the first year (81). Given 
the evidence, it is now comprehensible that there is a 
need to develop more effective therapy compared to 
those of currently available products for long lasting and 
effective cessation of tobacco smoking. The pulmonary 
route seems to be ideal for rapid delivery of nicotine in 
case of NRT or other medications to the brain, where it 
has its appropriate therapeutic effects. This route would 
allow quitters to absorb sufficient amounts of nicotine 
to diminish their smoking urges. Therefore, it would be 
excellent to develop such a product that can produce 
better PK/PD profiles following administration by 
inhalation. 

6. Summary

Tobacco smoking is strongly associated with an 
increased risk of developing coronary artery disease, 
chronic obstructive pulmonary disorder, and cancer 
(82). The odds of successful smoking cessation 
are improved with pharmacotherapy as reviewed 
above. These therapies are thought to work primarily 
by replacing nicotine (e.g. ,  NRT) or modestly 
stimulating or inhibiting nicotine effects in the brain 
(e.g., varenicline or bupropion), thereby minimizing 
withdrawal symptoms experienced during smoking 
cessation. While the role of effective pharmacotherapy 
is essential for effective management of nicotine 
addiction, better formulation with innovative drug 
delivery might advance therapeutic outcome for 
various disorders associated with tobacco addiction. 
It is expected that treatment of nicotine addiction will 
be improved with least side effects using proposed 
pulmonary drug delivery method in the coming years. 
However, insufficient data are available to rank-order 
the effectiveness of the different cessation agents that 
are currently on market. Selection of an effective active 
agent should be individually tailored for each patient. 
Important factors to consider include patient preference, 
medication compliance issues, previous experience 
with cessation agents, and patient characteristics, 
e.g., contraindications, history of depression, and 
level of smoking. Finally, pharmacotherapy should be 
accompanied by appropriate behavioral counseling to 
enhance long-term cessation rates.
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ABSTRACT: A new series of 5-(indole-2-yl)-3-
substituted 1,2,4-oxadiazoles were synthesized and 
evaluated for their anticancer activities. Structures 
of the compounds were confirmed by spectroscopic 
methods. Structural modifications were done to 
improve the antiproliferative activity of compound 1. 
The results indicated that a benzyloxyl substituent on 
the C-4 position was better than a methyl substituent 
on the C-6 position of the indole component. 
Compounds 10a, 10b, 10g, 10i, 10l, 10n, 10o, and 10p 
were found to be more active than lead compound 
1 in the PC-3 cell line. These compounds may serve 
as lead candidates in the development of novel 
chemotherapeutics for cancer treatment.

Keywords: Indole, 1,2,4-oxadiazole, anticancer

1. Introduction

Cancer has become the second largest cause of death 
in many countries (1). Inhibition of apoptotic pathways 
is known as an important hallmark for cancer (2,3). In 
cancer cells, blockage of apoptosis could lead to excessive 
cell proliferation as well as resistance to cancer treatment. 
Apoptosis is caused by the activation of intracellular 
caspases. There are two main pathways triggering 
activation of caspases, referred to as the intrinsic and 
extrinsic pathways. Numerous cellular targets of these 
two pathways have been identified, such as caspases 
(caspase-2, -3, -6~10, and -12), B-cell lymphoma-2 
(Bcl-2) family proteins (Bcl-2, Bcl-XL, Bcl-W, Bcl-B, 
Mcl-1, and Bfl-1), and tumor necrosis factor (TNF) 
family death receptors (4,5). It has been recently reported 
that several anticancer agents exhibited apoptosis-
inducing ability, such as imatinib, sorafenib, and 
lapatinib (6-10). Therefore, the identifi cation of apoptosis 

inducers becomes an attractive approach for discovery 
and development of potential anticancer agents. Pro-
apoptotic agents affected more than one target, making 
optimizations through structure-activity relationships 
(SAR) studies diffi cult (2,11,12). For multiple actions of 
pro-apoptotic agents, screening of these agents was often 
based on cell line evaluation (11,12).
 In recent years, many compounds with diverse 
structures were identified as pro-apoptotic agents 
(3,10-21). Compound 1 (Table 1) which might activate 
caspase-3/7 was reported as a novel 5-(indole-2-yl)-3-
substituted 1,2,4-oxadiazole as a pro-apoptotic agent with 
anticancer activity at micromole concentrations (12). The 
effects of substitution on the C-6 position of the indole 
ring system have been studied (12). In order to study the 
SAR on other positions of the indole ring system, a series 
of 5-(indole-2-yl)-3-substituted 1,2,4-oxadiazoles were 
designed and synthesized. Their anticancer activities 
were tested in this paper.

2. Materials and Methods

2.1. Chemicals

The synthesis of intermediates 5b, 8, and 9 are shown 
in Scheme 1. Starting with 5-substituted salicylaldehyde 
(2), 5-substituted-2-benzyloxybenzaldehydes (3) were 
prepared by benzyl chloride in DMF catalyzed by K2CO3 
(22,23). Intermediates 4 were prepared by a condensation 
reaction between 3 and methyl 2-azidoacetate. Heating 
of intermediates 4 in p-xylene to refl ux for 1 h generated 
compounds 5 (22). Compound 6 was easily prepared 
from 5a by a hydrolysis reaction. Compound 6 reacted 
with sodium methoxide in DMF/CH3OH catalyzed by 
cuprous iodide afforded compound 7. Compound 8 
was synthesized by the methylate reaction from 7 using 
dimethyl sulfate. The preparation of compound 9 was a 
methylate reaction from 5a.
 The synthesis of 5-(indole-2-yl)-3-substituted 
1,2,4-oxadiazoles are shown in Scheme 2. The targeting 
compounds were synthesized using a one-pot reaction 
between amidoximes (11a~11d) and substituted indoles 
(5b, 8, 9, 12, and 13) under microwave conditions. 
Compounds 12 and 13 were commercially available.
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Scheme 1. Reagents and conditions. (a) K2CO3, DMF, N2, 50°C, 10 h; (b) methyl 2-azidoacetate, CH3ONa, 50% THF/CH3OH, 
N2, −17~0°C, 4 h; (c) p-xylene, reflux, 1 h; (d) KOH, THF/H2O, reflux, 4 h; (e) NaH, CH3OH, DMF, CuI, 120°C, 4 h; (f) 
(CH3O)2SO2, DMF, NaH, 0°C ~ room temperature.
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4. Conclusion

In conclusion, a new series of 5-(indole-2-yl)-3-
substituted 1,2,4-oxadiazoles were synthesized with cell 
inhibitory activities. Several compounds showed more 
potent activities than lead compound 1. Compounds 
with benzyloxyl substituent on the C-4 position had 
greater antiproliferative activity than those with 
methyl on the C-6 position of the indole component. 
Compounds with both C-4 benzyloxyl and C-7 
methyloxyl substituents were more effi cient than those 
with C-4 benzyloxyl and C-7 bromine. We successfully 
identifi ed compound 10b as the most active compound. 
Further studies based on this structure will be 
continued.
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Appendix

The proton nuclear magnetic resonance (1H-NMR and 
13C-NMR) spectra were recorded with a Bruker Avance 
DRX600 instrument with tetramethylsilane (TMS) as 
the internal standard at 600 MHz. The chemical shifts 
(δ) were reported in parts per million (ppm) and were 
relative to the central peak of the solvent, which was 
DMSO-d6 or CDCl3. Mass spectra (MS) were measured 
with an API 4000 and the high resolution mass 
spectra data were obtained using an Accela UPLC-
LTQ Orbitrap mass spectrometer. All melting points 
were determined in a Büchi capillary melting point 
apparatus and are uncorrected. Microwave syntheses 
were carried out in an XH-100A Xiang Hu instrument 
with focused microwave heating (microwave power 
supply 0-1,000 W, open vessel mode). Unless otherwise 
noted, all materials were obtained from commercial 
suppliers and used without further purifi cation. Column 
chromatography was carried out with silica gel using 
the solvents indicated. Thin-layer chromatography 
(TLC) was performed on silica gel GF254 plates (layer 
thickness, 0.2 mm), and compounds were visualized 
using UV light. Petroleum ether used for TLC and 
column chromatography had a boiling range of 60-90°C.

Synthesis of compounds 3a and 3b

To a mixture of substituted salicylaldehyde (2) (0.1 
mol) and K2CO3 (20.7 g, 0.15 mol) in DMF (100 mL), 
benzyl chloride (19.0 g, 0.15 mol) was added dropwise. 
Then the mixture was heated to 60°C for 8 h. After 
being allowed to cool to r.t., the mixture was poured 
into ice-water (1,000 mL). The precipitate was fi ltered, 
washed several times with water, and further purified 
by recrystallization in ethanol to afford 3.
 2-(Benzyloxy)-5-bromobenzaldehyde (3a) Yield 26.8 
g (92%); colorless crystal; mp 72.4-73.6°C. 1H-NMR 
(600 MHz, DMSO-d6): δ = 5.30 (s, 2H), 7.32 (d, J = 8.4 
Hz, 1H), 7.35 (t, J = 7.2 Hz, 1H), 7.42 (t, J = 7.8 Hz, 
2H), 7.52 (d, J = 7.2 Hz, 2H), 7.76 (d, J = 2.4 Hz, 1H), 
7.81 (dd, J = 9.0 Hz and J = 3.0 Hz, 1H), 10.33 (s, 1H). 
MS (ESI): m/z = 291.4 [M + H]+.
 2-(Benzyloxy)-5-chlorobenzaldehyde (3b) Yield 22.2 
g (90%); colorless crystal; mp 81.0-81.9°C. 1H-NMR 
(600 MHz, DMSO-d6): δ = 5.31 (s, 2H), 7.35 (t, J = 7.2 
Hz, 1H), 7.38 (d, J = 8.4 Hz, 1H), 7.42 (t, J = 7.2 Hz, 
2H), 7.51 (d, J = 7.2 Hz, 2H), 7.65 (d, J = 2.4 Hz, 1H), 
7.71 (dd, J = 8.4 Hz and J = 2.4 Hz, 1H), 10.35 (s, 1H). 
MS (ESI): m/z = 247.4 [M + H]+.

Synthesis of compounds 4a and 4b

To a cooled (−20°C) solution of 3 (0.05 mol) and 
methyl 2-azidoacetate (23.0 g, 0.2 mol) in anhydrous 
CH3OH (75 mL) and THF (45 mL) under a N2 
atmosphere, was added a solution of CH3ONa (10.8 g, 
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0.2 mol) in anhydrous CH3OH (30 mL) dropwise over 
1 h, maintaining the temperature below −17°C. After 4 h, 
the mixture was placed in an ice-bath overnight. Cooled 
CH3OH (50 mL) was added into the mixture and then 
the precipitate was filtered, and washed twice with 
CH3OH to get compounds 4.
 ( Z ) - M e t h y l  2 - a z i d o - 3 - ( 2 - ( b e n z y l o x y ) - 5 -
bromophenyl)acrylate (4a) Yellow solid, yield 70%, mp 
88.9-90.1°C. 1H-NMR (600 MHz, DMSO-d6): δ = 8.25 (s, 
1H), 7.51 (dd, J = 9.0 Hz and J = 2.4 Hz, 1H), 7.39-7.43 
(m, 4H), 7.33-7.36 (m, 1H), 7.20 (s, 1H), 7.11 (d, J = 
9.0 Hz, 1H), 5.21 (s, 2H), 3.84 (s, 3H). MS (ESI): m/z = 
388.2 [M + H]+.
 ( Z ) - M e t h y l  2 - a z i d o - 3 - ( 2 - ( b e n z y l o x y ) - 5 -
chlorophenyl)acrylate (4b) Yellow solid, yield 70%, mp 
89.2-91.2°C. 1H-NMR (600 MHz, DMSO-d6): δ = 8.23 (s, 
1H), 7.52 (dd, J = 9.0 Hz and J = 2.4 Hz, 1H), 7.36-7.45 
(m, 4H), 7.33-7.36 (m, 1H), 7.22 (s, 1H), 7.15 (d, J = 
9.0 Hz, 1H), 5.18 (s, 2H), 3.86 (s, 3H). MS (ESI): m/z = 
344.1 [M + H]+.

Synthesis of compounds 5a and 5b

Compounds 4 were suspended in p-xylene (400 mL). The 
mixture was heated to 150°C for 4 h. After being allowed 
to cool to r.t., the crude product precipitated was collected 
by filtration, and further purified by recrystallization in 
ethyl acetate/petroleum ether to afford 5.
 Methyl 4-(benzyloxy)-7-bromo-1H-indole-2-
carboxylate (5a) Yield 68%; colorless crystal; mp 
148.7-150.4°C. 1H-NMR (600 MHz, DMSO-d6): δ = 
3.87 (s, 3H), 5.25 (s, 2H), 6.65 (d, J = 7.8 Hz, 1H), 7.27 
(s, 1H), 7.34 (t, J = 7.8 Hz, 1H), 7.38-7.42 (m, 3H), 7.51 
(d, J = 7.2 Hz, 2H), 11.98 (s, 1H). MS (ESI): m/z = 
360.3 [M + H]+.
 Methyl 4-(benzyloxy)-7-chloro-1H-indole-2-
carboxylate (5b) Yield 65%; colorless crystal; mp 
179.9-180.9°C. 1H-NMR (600 MHz, DMSO-d6): δ = 
3.87 (s, 3H), 5.25 (S, 2H), 6.67 (d, J = 7.8 Hz, 1H), 
7.23-7.26 (m, 2H), 7.34 (t, J = 7.8 Hz, 1H), 7.41 (t, J 
= 7.8 Hz, 2H), 7.50 (d, J = 7.8 Hz, 2H), 12.21 (s, 1H). 
MS (ESI): m/z = 316.3 [M + H]+.

4-(Benzyloxy)-7-bromo-1H-indole-2-carboxylic acid 
(6)

A solution of 5a (3.6 g, 10 mmol), KOH (2.24 g, 40 
mmol) in THF (40 mL) and water (15 mL) was heated 
to reflux for 4 h. After cooling to r.t., the THF was 
evaporated under reduced pressure. The mixture was 
poured into water and acidifi ed with aq HCl (6N) to pH 
1-2. The precipitate was fi ltered, washed several times 
with water, and further purifi ed by recrystallization in 
ethyl acetate/petroleum ether to afford 6. Yield 3.29 g 
(95%); white power; mp 248.6-249.8°C. 1H-NMR (600 
MHz, DMSO-d6): δ = 5.25 (s, 2H), 6.63 (d, J = 7.8 Hz, 
1H), 7.20 (d, J = 2.4 Hz, 1H), 7.34 (t, J = 7.8 Hz, 1H), 

7.36 (d, J = 8.4 Hz, 1H), 7.41 (t, J = 7.8 Hz, 2H), 7.51 
(d, J = 7.8 Hz, 2H), 11.75 (s, 1H), 13.05 (br s, 1H). MS 
(ESI): m/z = 346.3 [M + H]+.

4-(Benzyloxy)-7-methoxy-1H-indole-2-carboxylic 
acid (7)

A mixture of 6 (3.46 g, 10 mmol), CuI (1.9 g, 10 
mmol), CH3ONa (3.8 g, 70 mmol) in anhydrous CH3OH 
(20 mL) and DMF (40 mL) under N2 atmosphere was 
heated and refluxed for 5 h. After cooling to r.t., the 
mixture was poured into water (500 mL) and acidifi ed 
with aq HCl (6N) to pH 1-2. The precipitate was 
filtered, washed several times with water, and further 
purified by recrystallization in ethyl acetate/petroleum 
ether to afford 7. Yield 80%, mp 235.2-236.5oC. 
1H-NMR (600 MHz, DMSO-d6): δ = 3.85 (s, 3H), 5.23 (s, 
2H), 6.59 (d, J = 7.8 Hz, 1H), 7.22 (d, J = 2.4 Hz, 1H), 
7.34 (t, J = 7.8 Hz, 1H), 7.38 (d, J = 8.4 Hz, 1H), 7.42 (t, 
J = 7.8 Hz, 2H), 7.50 (d, J = 7.8 Hz, 2H), 11.85 (s, 1H), 
12.95 (br s, 1H). MS (ESI): m/z = 298.4 [M + H]+.

Methyl 4-(benzyloxy)-7-methoxy-1-methyl-1H-
indole-2-carboxylate (8)

Compound 7 was dissolved in anhydrous DMF. NaH (0.36 
g, 15 mmol) was added to the solution at 0°C followed 
by dimethyl sulfate (1.89 g, 15 mmol). The mixture was 
stired at r.t. for 4 h, and then was poured into ice-cold 
water. The precipitate was fi ltered, washed several times 
with water, and further purified by recrystallization in 
ethyl acetate/petroleum ether to afford 8. Yield 2.09 g 
(64%); colorless crystal; mp 100.1-101.8°C. 1H-NMR 
(600 MHz, DMSO-d6): δ = 3.82 (s, 3H), 3.85 (s, 3H), 4.26 
(s, 3H), 5.16 (s, 2H), 6.51 (d, J = 7.8 Hz, 1H), 6.69 (d, J = 
9.0 Hz, 1H), 7.21 (s, 1H), 7.33 (t, J = 7.8 Hz, 1H), 7.40 (t, 
J = 7.8 Hz, 2H), 7.49 (d, J = 7.2 Hz, 2H). MS (ESI): m/z 
= 326.3 [M + H] +.

Methyl 4-(benzyloxy)-7-bromo-1-methyl-1H-indole-
2-carboxylate (9)

The procedure was the same as compound 7 to 8. Yield 
3.39 g (91%); colorless crystal; mp 108.6-109.9°C. 
1H-NMR (600 MHz, DMSO-d6): δ = 3.84 (s, 3H), 4.35 
(s, 3H), 5.24 (s, 2H), 6.65 (d, J = 8.4 Hz, 1H), 7.27 (s, 
1H), 7.35 (t, J = 7.2 Hz, 1H), 7.41 (t, J = 7.2 Hz, 2H), 
7.44 (d, J = 9.0 Hz, 1H), 7.50 (d, J = 6.6 Hz, 2H). MS 
(ESI): m/z = 374.3 [M + H]+.

General procedure for synthesis of 10a~10p under 
microwave irradiation

Substituted indole-based carboxylic acid esters (5b, 
8, 9, 12, and 13) (1 mmol), amidoximes (2 mmol) and 
cesium carbonate (0.65 g, 2 mmol) in DMF (5 mL) 
were placed in a 10 mL flask followed by microwave 
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irradiation (800 W, 150°C) for the desired time. After 
cooling to r.t., the mixture was poured into 100 mL 
cold water, and then extracted with ethyl acetate. The 
combined organic solvent was dried over Na2SO4, 
filtered, and concentrated in vacuum. The crude 
product was purifi ed by silica-gel chromatography with 
petroleum ether-ethyl acetate (15:1) to give the desired 
compounds 10a~10p.
 5-(4-(Benzyloxy)-7-methoxy-1-methyl-1H-indol-
2-yl)-3-methyl-1,2,4-oxadiazole (10a) Yield 87%, 
white powder, mp 145.8-147.6°C. 1H-NMR (600 MHz, 
DMSO-d6): δ = 2.44 (s, 3H), 3.87 (s, 3H), 4.38 (s, 3H), 
5.20 (s, 2H), 6.56 (d, J = 8.4 Hz, 1H), 6.73 (d, J = 8.4 
Hz, 1H), 7.34, (t, J = 7.8 Hz, 1H), 7.38 (s, 1H), 7.41 (t, 
J = 7.8 Hz, 2H), 7.52 (d, J = 7.8 Hz, 2H). HRMS-ESI: 
m/z [M + H]+ calcd for C20H20N3O3: 350.1499; found 
350.1504.
 5-(4-(Benzyloxy)-7-methoxy-1-methyl-1H-indol-2-
yl)-3-phenyl-1,2,4-oxadiazole (10b) Yield 81%, white 
acicular crystal; mp 179.3-180.7°C. 1H-NMR (600 
MHz, DMSO-d6): δ = 3.89 (s, 3H), 4.48 (s, 3H), 5.22 (s, 
2H), 6.59 (d, J = 8.4 Hz, 1H), 6.76 (d, J = 8.4 Hz, 1H), 
7.34 (t, J = 7.8 Hz, 1H), 7.42 (t, J = 7.8 Hz, 2H), 7.48 (s, 
1H), 7.53 (d, J = 7.8 Hz, 2H), 7.61~7.65 (m, 3H), 8.13 
(d, J = 6.6 Hz, 2H). HRMS-ESI: m/z [M + H]+ calcd for 
C25H22N3O3: 412.1656; found 412.1654.
 5-(4-(Benzyloxy)-7-methoxy-1-methyl-1H-indol-
2-yl)-3-(4-chlorophenyl)-1,2,4-oxadiazole (10c) Yield 
60%; white powder; mp 198.2-199.5°C. 1H-NMR (600 
MHz, CDCl3): δ = 3.93 (s, 3H), 4.54 (s, 3H), 5.19 
(s, 2H), 6.43 (d, J = 7.8 Hz, 1H), 7.61 (d, J = 7.8 Hz, 
1H), 7.36 (t, J = 7.8 Hz, 1H), 7.43 (t, J = 7.8 Hz, 2H), 
7.50~7.54 (m, 4H), 7.64 (s, 1H), 8.13 (d, J = 8.4 Hz, 
2H). HRMS-ESI: m/z [M + H]+ calcd for C25H21ClN3O3: 
446.1266; found 446.1265.
 5-(4-(Benzyloxy)-7-bromo-1-methyl-1H-indol-2-
yl)-3-methyl-1,2,4-oxadiazole (10d) Yield 80%; white 
powder; mp 153.8-154.9°C. 1H-NMR (600 MHz, 
DMSO-d6): δ = 2.46 (s, 3H), 4.47 (s, 3H), 5.28 (s, 2H), 
6.69 (d, J = 8.4 Hz, 1H), 7.35 (t, J = 7.2 Hz, 1H), 7.42 
(t, J = 7.8 Hz, 2H), 7.45 (s, 1H), 7.47 (d, J = 8.4 Hz, 
1H), 7.53 (d, J = 7.8 Hz, 2H). HRMS-ESI: m/z [M + H]+ 
calcd for C19H17BrN3O2: 398.0499; found 398.0496.
 5-(4-(Benzyloxy)-7-bromo-1-methyl-1H-indol-2-
yl)-3-phenyl-1,2,4-oxadiazole (10e) Yield 79%; white 
powder; mp 201.2-202.5°C. 1H-NMR (600 MHz, 
CDCl3): δ = 4.68 (s, 3H), 5.23 (s, 2H), 7.38 (t, J = 7.2 
Hz, 1H), 7.41 (d, J = 7.8 Hz, 1H), 7.44 (t, J = 7.8 Hz, 
2H), 7.50~7.56 (m, 5H), 7.68 (s, 1H), 8.20 (dd, J = 7.8 
Hz and 1.8 Hz, 2H). HRMS-ESI: m/z [M + H]+ calcd 
for C24H19BrN3O2: 460.0655; found 460.0651.
 5-(4-(Benzyloxy)-7-bromo-1-methyl-1H-indol-2-yl)-
3-(4-chlorophenyl)-1,2,4-oxadiazole (10f) Yield 68%; 
white powder; mp 201.3-202.9°C. 1H-NMR (600 MHz, 
DMSO-d6): δ = 4.66 (s, 3H), 5.23 (s, 2H), 6.48 (d, J = 8.4 
Hz, 1H), 7.37~7.44, (m, 4H), 7.52 (d, J = 8.4 Hz, 4H), 
7.68 (s, 1H), 8.13 (d, J = 8.4 Hz, 2H). HRMS-ESI: m/z 

[M + H]+ calcd for C24H18BrClN3O2: 494.0265; found 
494.0261.
 5-(4-(Benzyloxy)-7-chloro-1H-indol-2-yl)-3-methyl-
1,2,4-oxadiazole (10g) Yield 59%; white powder; mp 
212.5-214.2°C. 1H-NMR (600 MHz, DMSO-d6): δ = 
2.43 (s, 3H), 5.27 (s, 2H), 6.68 (d, J = 7.8 Hz, 1H), 7.25 
(d, J = 7.8 Hz, 1H), 7.34 (t, J = 7.2 Hz, 1H), 7.40~7.42 
(m, 3H), 7.52 (d, J = 7.2 Hz, 2H), 12.73 (s, 1H). 
HRMS-ESI: m/z [M + H]+ calcd for C18H15ClN3O2: 
340.0847; found 340.0851.
 5-(4-(Benzyloxy)-7-chloro-1H-indol-2-yl)-3-phenyl-
1,2,4-oxadiazole (10h) Yield 83%; white acicular 
crystal; mp 195.0-196.4°C. 1H-NMR (600 MHz, 
DMSO-d6): δ = 5.30 (s, 2H), 6.74, (d, J = 7.8 Hz, 1H), 
7.32 (d, J = 7.8 Hz, 1H), 7.36 (t, J = 7.8 Hz, 1H), 7.43 (t, 
J = 7.8 Hz, 2H), 7.54 (s, 1H), 7.56 (d, J = 7.2 Hz, 2H), 
7.61~7.65 (m, 3H), 8.13 (dd, J = 7.8 Hz and 1.8 Hz, 
2H), 12.82 (s, 1H). HRMS-ESI: m/z [M + H]+ calcd for 
C23H17ClN3O2: 402.1004; found 402.1003.
 5-(4-(Benzyloxy)-7-chloro-1H-indol-2-yl)-3-(4-
chlorophenyl)-1,2,4-oxadiazole (10i) Yield 60%; white 
powder; mp 229.4-230.4°C. 1H-NMR (600 MHz, 
DMSO-d6): δ = 5.29 (s, 2H), 6.74 (d, J = 7.8 Hz, 1H), 
7.32 (d, J = 8.4 Hz, 1H), 7.36 (t, J = 7.8 Hz, 1H), 7.43 (t, 
J = 7.8 Hz, 2H), 7.54~7.56 (m, 3H), 7.70 (d, J = 8.4 Hz, 
2H), 8.12 (d, J = 8.4 Hz, 2H), 12.83 (s, 1H). HRMS-
ESI: m/z [M + H]+ calcd for C23H16Cl2N3O2: 436.0614; 
found 436.0609.
 3-Methyl-5-(6-methyl-1H-indol-2-yl)-1,2,4-
oxadiazole (10j) Yield 89%; white acicular crystal; mp 
147.5-149.4°C. 1H-NMR (600 MHz, DMSO-d6): δ = 
2.41 (s, 2H), 2.42 (s, 3H), 6.96 (dd, J = 8.4 Hz and 1.8 
Hz, 1H), 7.26 (s, 1H), 7.30 (d, J = 1.8 Hz, 1H), 7.58 (d, 
J = 8.4 Hz, 1H), 12.23 (s, 1H). HRMS-ESI: m/z [M + 
H]+ calcd for C12H12N3O: 214.0975; found 214.0973.
 5-(6-Methyl-1H-indol-2-yl)-3-phenyl-1,2,4-
oxadiazole (10k) Yield 68%; white powder; mp 
215.0-216.8°C. 1H-NMR (600 MHz, DMSO-d6): δ = 
2.43 (s, 3H), 6.98 (dd, J = 8.4 Hz and 1.2 Hz, 1H), 7.32 
(s, 1H), 7.42 (dd, J = 2.4 Hz and 0.6 Hz, 1H), 7.60~7.65 
(m, 4H), 8.10~8.12 (m, 2H), 12.33 (s, 1H). HRMS-ESI: 
m/z [M + H]+ calcd for C17H14N3O: 276.1131; found 
276.1134.
 3-(4-Chlorophenyl)-5-(6-methyl-1H-indol-2-yl)-
1,2,4-oxadiazole (10l) Yield 55%; white powder; mp 
217.3-218.9°C. 1H-NMR (600 MHz, DMSO-d6): δ = 
2.44 (s, 3H), 6.98 (d, J = 8.4 Hz, 1H), 7.31 (s, 1H), 
7.42 (d, J = 1.8 Hz, 1H), 7.61 (d, J = 8.4 Hz, 1H), 7.70 
(d, J = 8.4 Hz, 2H), 8.11 (d, J = 8.4 Hz, 2H), 12.33 (s, 
1H). HRMS-ESI: m/z [M + H]+ calcd for C17H13ClN3O: 
310.0742; found 310.0743.
 5-(4-(Benzyloxy)-1H-indol-2-yl)-3-methyl-1,2,4-
oxadiazole (10m) Yield 71%; white powder; mp 
170.9-172.5°C. 1H-NMR (600 MHz, DMSO-d6): δ = 
2.42 (s, 3H), 5.27 (s, 2H), 6.68 (d, J = 7.8 Hz, 1H), 7.07 
(d, J = 7.8 Hz. 1H), 7.20 (t, J = 7.8 Hz, 1H), 7.34 (t, J 
= 7.8 Hz, 2H), 7.41 (t, J = 7.8 Hz, 2H), 7.53 (d, J = 7.8 
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Hz, 2H), 12.42 (s, 1H). HRMS-ESI: m/z [M + H]+ calcd 
for C18H16N3O2: 306.1237; found 306.1239.
 5-(4-(Benzyloxy)-1H-indol-2-yl)-3-phenyl-1,2,4-
oxadiazole (10n) Yield 73%; white powder; mp 
177.2-179.1°C. 1H-NMR (600 MHz, DMSO-d6): δ = 
5.29 (s, 2H), 6.71 (d, J = 7.8 Hz, 1H), 7.12 (d, J = 7.8 
Hz, 1H), 7.24 (t, J = 7.8 Hz, 1H), 7.34 (t, J = 7.8 Hz, 
1H), 7.43 (t, J = 7.8 Hz, 2H), 7.46 (d, J = 1.8 Hz, 1H), 
7.55 (d, J = 7.8 Hz, 2H), 7.60~7.65 (m, 3H), 8.11 (dd, 
J = 7.8 Hz and 1.8 Hz, 2H), 12.42 (s, 1H). HRMS-ESI: 
m/z [M + H]+ calcd for C23H18N3O2: 368.1394; found 
368.1395.
 5 - ( 4 - ( B e n z y l o x y ) - 1 H - i n d o l - 2 - y l ) - 3 - ( 4 -
chlorophenyl)-1,2,4-oxadiazole (10o) Yield 82%; 
white powder; mp 205.3-207.1°C. 1H-NMR (600 MHz, 

DMSO-d6): δ = 5.28 (s, 2H), 6.71 (d, J = 7.8 Hz, 1H), 
7.11 (d, J = 8.4 Hz, 1H), 7.24 (t, J = 7.8 Hz, 1H), 7.36 (t, 
J = 7.8 Hz, 1H), 7.43 (t, J = 7.8 Hz, 2H), 7.46 (d, J = 1.8 
Hz, 1H), 7.55 (d, J = 8.4 Hz, 2H), 7.70 (d, J = 8.4 Hz, 
2H), 8.11 (d, J = 8.4 Hz, 2H), 12.54 (s, 1H). HRMS-
ESI: m/z [M + H]+ calcd for C23H17ClN3O2: 402.1004; 
found 402.1001.
 5-(6-Methyl-1H-indol-2-yl)-3-(trifluoromethyl)-
1,2,4-oxadiazole (10p) Yield 85%; white acicular 
crystal; mp 158.5-160.4°C. 1H-NMR (600 MHz, 
DMSO-d6): δ = 2.41 (s, 2H), 2.42 (s, 3H), 6.96 (dd, 
J = 8.4 Hz and 1.8 Hz, 1H), 7.26 (s, 1H), 7.30 (d, J = 
1.8 Hz, 1H), 7.58 (d, J = 8.4 Hz, 1H), 12.23 (s, 1H). 
HRMS-ESI: m/z [M + H]+ calcd for C12H8F3N3O: 
267.2066; found 267.2071.
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ABSTRACT: Honokiol has shown chemopreventive 
effects in chemically-induced and UVB-induced skin 
cancer in mice. In this investigation, we assessed 
the time-effects of a topical low dose of honokiol (30 
μg), and then the effects of different honokiol doses 
(30, 45, and 60 μg) on a UVB-induced skin cancer 
model to find an optimal dose and time for desirable 
chemopreventive effects. UVB radiation (30 mJ/cm2, 5 
days/week for 25 or 27 weeks) was used to induce skin 
carcinogenesis in SKH-1 mice. For the time-response 
experiment 30 μg honokiol in acetone was applied 
topically to the animals before the UVB exposure 
(30 min, 1 h, and 2 h) and after the UVB exposure 
(immediately, 30 min, and 1 h). Control groups 
were treated with acetone. For the dose-response 
study, animals were treated topically with acetone 
or honokiol (30, 45, and 60 μg) one hour before the 
UVB exposure. In the time-response experiment, 
honokiol inhibited skin tumor multiplicity by 49-
58% while reducing tumor volumes by 70-89%. In 
the dose-response study, honokiol (30, 45, and 60 μg) 
significantly decreased skin tumor multiplicity by 
36-78% in a dose-dependent manner, while tumor 
area was reduced by 76-94%. Honokiol (60 μg) 
significantly reduced tumor incidence by 40% as 
compared to control group. Honokiol applied in very 
low doses (30 μg) either before or after UVB radiation 
shows chemopreventive effects. Honokiol (30, 45, 
and 60 μg) prevents UVB-induced skin cancer in a 
dose-dependent manner. Honokiol can be an effective 
chemopreventive agent against skin cancer.

Keywords: Honokiol, nonmelanoma skin cancer, UVB, 
SKH-1 mice, dose-response, time-response

1. Introduction

In recent years the number of skin cancer cases has 
increased dramatically, accounting for over 3.5 million 
cases each year in the United States alone. Some 
scholars propose that there is an unrecognized skin 
cancer epidemic in the United States (1). American 
Cancer Society estimates indicated 12,190 deaths from 
skin cancer in 2012 (2). Ultraviolet (UV) radiation 
exposure is the major risk factor for most skin cancers 
(3). Sunlight and tanning lamps are major sources of 
UV radiation.
 UV radiation is composed by UVA, UVB, and UVC 
rays. UVA and UVB rays damage skin and can cause 
skin cancer, UVC rays are filtered by the atmosphere 
and do not reach the Earth's surface. Exposure to UVB 
rays can induce skin cancer faster than exposure to UVA 
rays. However, studies have proven that experimentally, 
UVA rays can cause skin cancer with long term 
exposure (4). The amount of UV exposure depends 
on the strength of the rays, the length of time the skin 
is exposed, and whether the skin is protected with 
clothing or sunscreen (5). UV rays cause DNA damage 
to skin cells (6), induction of signal transduction 
pathways that lead to cell proliferation, and induction 
of infl ammatory responses and immunosuppression. All 
these effects caused by UV radiation are necessary for 
tumor development. UV radiation acts as a complete 
carcinogen on skin causing cancer initiation, promotion 
and progression (7).
 Chemoprevention of skin cancer by natural 
compounds has gained importance in recent years 
(8,9). One phytochemical that is being extensively 
investigated against different models of cancer is 
honokiol (Figure 1), whose effects are investigated for 
the prevention of skin cancer in this study.  Honokiol 
(HNK, C18H18O2, MW 266.33) is a naturally occurring 
biphenol isolated from the bark and seed cones of 
Magnolia officinalis and other plants of the genus 
Magnolia. The stem bark of Magnolia officinalis is 
known as Houpo in traditional Chinese medicine, and it 
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has been used for relieving neurosis and gastrointestinal 
complaints (10).
 Studies have demonstrated that honokiol has 
multiple pharmacological properties such as antioxidant 
(11), anti-inflammatory (12), and central nervous 
system depressant effects (10,13). It has been reported 
that honokiol delayed the formation of papillomas in 
mouse skin initiated by 7,12-dimethylbenz(a)anthracene 
(DMBA) and promoted by 12-O-tetradecanoyl phorbol-
13-acetate (TPA) (14). Honokiol has also shown 
anticancer effects against melanoma (15), pancreatic 
cancer (16), breast cancer (17), head and neck 
squamous cell carcinoma (18), and squamous cell skin 
cancer (19).
 Our laboratory and other groups have reported 
the chemopreventive effects of honokiol on UVB-
induced skin cancer development in mice. Honokiol 
induced apoptosis by both extrinsic and intrinsic 
pathways, inhibited UVB-induced inflammation and 
inflammatory mediators, reduced cell survival signals 
and proliferation markers, up-regulated cell cycle 
inhibitor proteins, and down regulated cell cycle 
promoter proteins in skin tumors (20,21). Honokiol 
also proved to cause apoptosis and cell cycle arrest in 
A431 squamous carcinoma cell line by increasing the 
activation of pro-apoptotic proteins and the expression 
of cell cycle inhibitor proteins p21 and p27. Honokiol 
decreased the expression of cyclins and CDKs protein 
promoters of the cell cycle (19).
 This study was designed to investigate: i) The 
chemopreventive effects of honokiol when applied 
topically at low dose (30 μg) either before or after 
UVB exposure (time-response) and ii) The effects of 
honokiol on UVB-induced skin carcinogenesis when 
applied topically at different doses 30, 45, and 60 μg 
(dose-response) to find the optimal dose and time for 
desirable effects. 

2. Materials and Methods

2.1. Chemicals and reagents

Honokiol 98% (HPLC) was purchased from Nacalai 
tesque (Kyoto, Japan). All other reagents were 
purchased from Fisher Scientific (Pittsburgh, PA, 
USA).

2.2. Animals

Five to six-week-old female SKH-1 hairless mice were 
purchased from Charles River Laboratories (Wilmington, 
MA, USA). Institutional Animal Care and Use Committee 
(IACUC) approvals were obtained for all experimental 
protocols. The IACUC oversees animal programs, 
facilities, and procedures and provides assurance to 
federal agencies that South Dakota State University is in 
compliance with federal regulations on the humane care 
and use of animals in research. Mice were housed in a 
climate-controlled environment with a 12 h light/dark 
cycle and were provided with free access to food and 
water during the experiment. 

2.3. UVB light source

Four FS-40-T-12 UVB lamps were used as UVB light 
source. The dose of  UVB exposure was controlled 
by integrating dosimeters manufactured by Daavlin 
Corporation (Bryan, OH, USA).

2.4. UVB-induced skin tumor development protocol

Carcinogenesis was initiated and promoted by exposing 
the backs of six-week-old female SKH-1 mice to a 
UVB dose of (30 mJ/cm2), 5 days a week (Monday-
Friday) for 25 to 27 weeks. The UVB exposure and 
treatments were performed in the morning throughout 
the whole experiment, in order to keep consistency. 
This UVB induced skin cancer protocol has been 
described in detail elsewhere (21,22), this UVB dose 
is relevant to the human UVB exposure causing cancer 
development (23). This skin cancer induction scheme 
was used for both experiments.
 For the time response experiment, six groups of 
animals (n = 20) randomly selected were used for the 
honokiol treatment: 30 μg in 200 μL of acetone. The 
difference among the groups was the time at which they 
received the topical honokiol treatment: 30 min, 1 h, or 
2 h before UVB exposure (30 mJ/cm2) and immediately, 
30 min, or 1 h after UVB exposure. The control groups 
had 10 animals each, and received an application of 200 
μL acetone either 1 h before or 1 h after UVB exposure. 
The experiment was carried out for 27 weeks. 
 For the dose-response experiment, four groups 
of animals were used. Group 1 served as control and 
received 200 μL of acetone, group 2, group 3, and 
group 4 received topical applications of 30, 45, and 
60 μg of honokiol in 200 μL of acetone respectively. 
Treatments were administered one hour before UVB 
exposure (30 mJ/cm2, Monday-Friday). The experiment 
was carried out for 25 weeks. Earlier reports and 
our previous studies have indicated that 200 μL 
acetone (topical) does not have effects on skin cancer 
development (24,25).

Figure 1. Molecular structure of honokiol.
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2.5. Evaluation of tumor development

Over the course of the experiments, the tumors' 
incidence, multiplicity, and volume were recorded 
once weekly. Mice's weights and external signs 
of toxicity also were closely monitored. Vernier 
caliper was used to determine the length, width, and 
height of the tumors, these values were then used 
to determine tumor volume by using the formula: 
Volume = 4пr3/3 where r is the radius, the diameter 
is the average of the three dimensional size of each 
mass (height, length, and width). Tumor areas were 
quantified as described elsewhere (25) by using 
images from the mice's backs which were taken 
at the end of 25 weeks. Tumor boundaries were 
determined and areas were measured by using by 
using Photoshop CS5 (Adobe systems, San Jose, CA, 
USA). Tumor counts, volume, and body weights were 
recorded on weekly basis for 25-27 weeks. Results 
were analyzed for tumor incidence, multiplicity, 
volume, and area.

2.6. Histopathological analysis of mice tumors

Mice were euthanized by cervical dislocation at the 
end of the above mentioned protocols. Skin samples 
randomly collected from five animals per group were 
fi xed by immersion in 10% neutral buffered formalin for 
24 h at room temperature. Fixed tissues were processed 
into paraffin-wax blocks, sectioned, stained with 
hematoxylin-eosin (HE), and evaluated under a light 
microscope.

2.7. Statistical analysis

INSTAT software (Graph Pad, San Diego, CA, USA) 
was used to analyze data. Chi square analysis was 
used for the data on tumor incidence. Analyses of 
variance followed by Tukey's test and Krushal-Wallis 
test (Nonparametric ANOVA) were used for tumor 
multiplicity and volume. Signifi cance in all experiments 
was considered at p < 0.05. All values were expressed 
as mean ± standard error (SE).

3. Results

3.1. Effects of honokiol on weight gain

Treatment of animals with honokiol at all doses and 
different times did not have any effects on weight 
gain of mice (data not shown) suggesting safety in the 
application of honokiol at these doses and times.

3.2. Effects of honokiol on tumor incidence

Tumor incidence reflects the number of animals 
bearing at least one tumor. In the time response 

experiment, by the end of the 27th week, tumor 
incidence was 100% in the control group meaning 
that all control animals had at least one tumor. Tumor 
incidence ranged from 90-100% for all the honokiol 
(30 μg) pre-treated and post-treated groups. Tumor 
incidence was not significantly different between 
control and honokiol (30 μg) applied either before or 
after UVB exposure. The results for tumor incidence 
in the time response experiment are presented in 
Figure 2.
 The effects of honokiol pretreatment at different 
doses on the tumor incidence in SKH-1 mice are 
shown in Figure 3. By the end of the 25th week, tumor 

Figure 2. Effects of the topical application of honokiol 
(HNK) before and after UVB exposure on tumor incidence 
in SKH-1 hairless mice. Honokiol was applied topically 
on the mice's skin, either before (30 min-2 h) or after UVB 
exposure (immediately-1 h). The experiment was carried out 
for 27 weeks, and tumor counts were monitored weekly. Data 
represents the percentage of mice with at least one tumor (n = 
20 per group). Honokiol did not reduce the tumor incidence 
when applied at 30 μg/dose either before or after UVB 
exposure.

Figure 3. Dose-response effects of honokiol pretreatment 
on tumor incidence in UVB-induced skin carcinogenesis 
in SKH-1 hairless mice. From the 20th week to the end of 
the experiment honokiol 60 μg reduced significantly tumor 
incidence. At the end of the 25th week the honokiol 60 μg 
group had a tumor incidence 40% lower than the control 
group. The groups treated with honokiol 30 μg and 45 μg did 
not differ significantly from the control group. Each point 
represents the percentage of animals bearing at least one 
tumor, values derived from 20 mice per group. * Significant 
difference (p < 0.05).
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incidence was 90% in both the control group and 
honokiol treated groups (30 and 45 μg). The honokiol 
(60 μg) pretreated group showed delayed appearance 
of tumors as compared to control, 60 μg application of 
honokiol resulted in a decrease in tumor incidence by 
40% (p < 0.05) at the end of the experiment.

3.3. Effects of honokiol on tumor multiplicity

Results of the multiplicity of the time-response 
experiment  are presented in Figure 4.  Tumor 
multiplicity is the total number of tumors on back 
per mouse, for comparison purposes the number of 
tumors in the control group was considered as 100%. 
Topical application of 30 μg of honokiol before or 
after UVB treatments showed protection against skin 
tumor development in SKH-1 mice. At the end of the 
experiment (27th week), we found that Honokiol (30 
μg) 30 min, 1 h, and 2 h before UVB treatments resulted 
in 57.5%, 54%, and 48% decrease in tumor multiplicity, 
respectively. Honokiol (30 μg) immediately, 30 min, 
and 1 h after UVB exposure resulted in 55%, 39%, 
and 48% reduction in tumor multiplicity, respectively. 
Tumor multiplicity was significantly (p < 0.05) lower 
in the honokiol pretreated groups (30 min and 1 h 
before UVB exposure) and in the post treated groups 
(immediately and 1 h after UVB exposure) when 
compared to the combined control group. Interestingly, 
honokiol applied 2 h before UVB exposure and 30 min 
after UVB exposure did reduce the tumor multiplicity 
but this difference was not statistically signifi cant.
 The effects of honokiol dose-response pretreatment 
on tumor multiplicity are shown in Figure 5. Topical 
application of 30, 45, and 60 μg of honokiol 1 h before 
UVB exposure showed protection against skin tumor 

development in SKH-1 hairless mice. Average tumor 
numbers were found to be lower in the honokiol 
pretreated groups from the 20th week until the end of 
the experiment (25th week), when compared to the 
control group treated with acetone (p < 0.05). At the 
end of the experiment, honokiol pretreatment resulted 
in a 36-78% decrease in tumor multiplicity with 30, 45, 
and 60 μg of honokiol application, respectively. 

3.4. Effects of honokiol on tumor volume

The effects of honokiol (30 μg) before and after UVB 
treatments on the tumor volume are shown in Figure 
6. In the control group, the mean tumor volume per 
animal was 35.3 mm3, in the groups 30 min, 1 h, and 
2 h before UVB exposure the average tumor volumes 
per animal were 3.77, 5.83, and 10.3 mm3, respectively. 
In the post UVB exposure treated groups, the average 
tumor volumes per animal were 7.69, 5.66, and 6.28 
mm3 for the honokiol (30 μg) immediately, 30 min, 
and 1 h after UVB exposure, respectively. The control 
group had a high standard deviation among the animals' 
tumor volumes. As a consequence, only one group 
(honokiol treatment 30 min before UVB exposure) had 
a statistically significant reduction in tumor volume. 
Results for the tumor volume for the time response 
experiment are presented in Figure 6.

3.5. Effects of honokiol on tumor area

The effects of honokiol pretreatment on the ratio of 
total tumor area to total back area are shown in Figure 
7. The mean ratio of tumor area to total back area in 
the control group was 4.0%, in the honokiol pretreated 
groups (30, 45, and 60 μg) was 0.32%, 0.95%, and 

Figure 4. Effects of the topical application of honokiol 
(HNK) before and after UVB exposure on the tumor 
multiplicity in SKH-1 hairless mice. Skin carcinogenesis 
was performed as described in the methods section. Honokiol 
30 μg was applied either before or after the UVB radiation. At 
the end of the experiment (27 weeks) the groups 30 min and 1 
h before UVB as well as the groups immediately and 1 h after 
UVB showed a significant reduction in tumor multiplicity. 
Each point represents the average number of tumors per 
animal, n = 20, * p < 0.05.

Figure 5. Dose-response effects of honokiol pretreatment 
on tumor multiplicity. Honokiol 30, 45, and 60 μg 
pretreatment decreased tumor multiplicities from the 20th 
to 25th week of UVB induced carcinogenesis. At the end of 
the experiment, honokiol significantly reduced the tumor 
multiplicity in 36-78% with 30, 45, and 60 μg applications, 
respectively. Each point represents mean number of tumors 
per mouse ± SE derived from 20 mice. * Significant difference 
(p < 0.05).
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0.22%, respectively. Honokiol pretreatments caused 
a 76-94.5% reduction in tumor area as compared to 
control. As in the section 3.4 (tumor volume), the 
control group had high standard deviation among 
animal's tumor areas, as consequence only one 
treatment (honokiol 60 μg) had a statistically signifi cant 
reduction in tumor area.

3.6. UVB induced squamous cell carcinoma in controls 
and honokiol treated mice

The histopathological examination of the tumors after 
25-27 weeks of treatments indicated that controls and 
honokiol treated mice in both protocols developed 
squamous cell carcinoma in the skin (Pictures not 
shown). 

4. Discussion

Honokiol is a small-molecule, hydroxylated biphenolic 
compound isolated from Magnolia genus plants. It has 
been used in traditional Chinese medicine for thousands 
of years, and in recent years has been investigated 
for its effects on cancer and skin carcinogenesis. 
Previous findings from our laboratory indicated the 
chemopreventive effects of honokiol when applied 
topically in doses as low as 30 μg/dose (21). In this study, 
we investigated the effects of honokiol in a UVB-induced 
skin carcinogenesis model with a UVB radiation dose of 
30 mJ/cm2/day which is more translational and relevant to 
human skin cancer (23) as compared to previous studies 
that used honokiol as chemopreventive agent and higher 
doses of UVB radiation (180 mJ/cm2) (20). We evaluated 
the effects of a low dose of honokiol (30 μg) applied 
topically either before or after the UVB exposure. Similar 
effects in tumor incidence were observed in all groups. 
Tumor multiplicity was decreased by the honokiol 
treatment, the average number of tumors per mouse 
in the control group was 13.38, while in the honokiol 
treated groups  was 5.69, 6.13, and 6.94 for the honokiol 
pre-treated groups (30 min, 1 h, 2 h); and 5.94, 8.06, and 
6.88 for the honokiol post-treated groups (immediately, 
30 min, 1 h) respectively. Tumor volume was also 
decreased by the honokiol treatment, we observed a 
reduction in tumor volume of 89%, 83.5%, and 70.8% 
for the honokiol pre-treated groups (30 min, 1 h, 2 h); 
and 78%, 84%, and 82% for the honokiol post-treated 
groups (immediately, 30 min, 1 h) respectively. However, 
because of the high standard deviation in the tumor 
volumes in the control group, only the 30 min pre-treated 
group resulted in a statistically significant reduction in 
tumor volume. Previous studies showed chemopreventive 
effects when honokiol is applied topically within 30 
min before or immediately after UVB exposure (20). In 
that study, they proved that topical honokiol (1 mg, 3 
mg) either before or after UVB exposure (180 mJ/cm2) 
prevented skin carcinogenesis. The novelty of our study 
is that we used very low doses of honokiol (30 μg) and 
low-chronic UVB exposure (30 mJ/cm2). With this model 
we aim to show that honokiol at very low doses prevents 
skin carcinogenesis by mechanisms that are retained 
even after the UVB exposure, so it could be included in 
lotions applied prior to sun exposure (sunscreens) or in 
products used after sun exposure such as humectants, 
still retaining preventive effects. This model of low and 
chronic UVB exposure simulates human behavior of 
exposing skin to sunlight every day. 
 In the dose response experiment, we found that 
honokiol 60 μg markedly reduced the tumor incidence 
and multiplicity as compared to the control treated with 
acetone. The results demonstrated that honokiol 60 μg 
reduced tumor incidence by 40%. Honokiol 30, 45, and 
60 μg in 200 μL of acetone showed a protective effect in 
a dose dependent manner when applied topically. Tumor 

Figure 6. Effects of honokiol (HNK) on tumor volume 
in SKH-1 hairless mice. Skin carcinogenesis protocol was 
followed as described in the methods section. Tumors were 
measured weekly. It was observed an average reduction in 
tumor volumes in all honokiol treated groups pre and post 
UVB exposure. Each point represents the average tumor 
volume per animal, n = 20, * p < 0.05.

Figure 7. Dose-response effects of honokiol treatment on 
tumor area in SKH-1 mice. Graph bar represents the average 
ratio of total tumor area to total back area of the SKH-1 mice. 
Pictures of the backs of the animals were taken at the end of 
the 25th week. * Signifi cant difference (p < 0.05).
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multiplicity was reduced by 36-78% while tumor area 
was reduced by 76-94.5% with treatments of 30, 45, 
and 60 μg of honokiol respectively as compared to the 
control.
 We used very low doses (in micrograms) of honokiol 
compared to other chemopreventive agents which use 
milligrams per applications (8,26,27), thus indicating 
the higher potency and improved potential of honokiol 
over other agents. Previous mechanistic studies from our 
laboratory showed that topical application of honokiol 
(30 μg) on mice induced apoptosis through the intrinsic 
and extrinsic pathways, increasing the activation of 
caspase 8, caspase 9, caspase 3, and PARP. Honokiol 
30 μg applied topically also increased the expression of 
p53 protein in mice skin (21). Additionally, we reported 
the effects of honokiol on A431 squamous carcinoma 
cell line. We used this in vitro model to gain insight and 
understanding of signaling mechanisms involved in 
the honokiol anti-carcinogenic effect. Honokiol overall 
inhibited cell growth in A431 cells at concentrations 50-
75 μM starting at 12 h treatments. Honokiol induced 
G0/G1 cell cycle arrest and significant apoptosis in 
A431 cells, down regulated cyclins and cdks protein 
expressions and up-regulated the expression of cell cycle 
inhibitors p21 and p27 (19). These cell cycle modulator 
effects observed in vitro were confirmed in vivo by 
Vaid et al. (20). They used 1 mg and 3 mg of honokiol 
per application in SKH-1 mice. They found decreased 
expression of cyclin D1, D2, E, CDK2, CDK4, and 
CDK6, as well as increased expression of the cell 
cycle inhibitors p21 and p27 in the skin of honokiol 
treated animals. Furthermore, they found that the 
chemopreventive effects of honokiol at 1 mg and 3 mg 
involved modulation of PI3K/p-Akt pathway, decrease 
in infl ammation and infl ammatory mediators associated 
with tumorigenesis, and inhibition of UVB-induced 
cell survival signals in the tumors. Further mechanistic 
studies on the mice's skin are necessary to confi rm if the 
same mechanisms of action found when honokiol was 
applied at 1 mg and 3 mg (100 times more) would be 
responsible for the low dose (30 μg) preventive effects 
observed in our study. 
 Our study provided evidence that honokiol pre or 
post UVB treatment at very low doses (micrograms 
per applications compared to most other agents which 
are used in milligrams per application) prevents UVB-
induced skin cancer development in SKH-1 mice. Our 
studies also showed that honokiol exhibited potent 
chemopreventive effects at doses as low as 30-60 μg 
when applied topically; the preventive response was dose 
dependent, being the lowest with 30 μg and highest with 
60 μg. Future studies on formulations to increase the 
retention of low doses of honokiol in skin are warranted, 
as well as their pharmacokinetic profi le.
 Honokiol has a great potential to be a safe and potent 
chemopreventive agent against skin cancer development 
in human.
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ABSTRACT: Cisplatin is a potent chemotherapeutic 
agent with a wide range of activities. Nephrotoxicity 
and cardiotoxicity represent it's major complication 
upon clinical use. The present study was carried out 
to evaluate the possible protective effect of DL-α-lipoic 
acid (LA) against cisplatin-induced nephrotoxicity 
and cardiotoxicity. Different groups of rats (n = 10) 
were administered either saline (control), cisplatin (10 
mg/kg, i.p.), LA (100 mg/kg, i.p.) or their combination 
(LA 30 min prior to cisplatin administration). Twenty-
four hours later all animals were decapitated and 
sera were used for estimation of activities of urea 
(BUN), creatinine (Cr), lactate dehydrogenase 
(LDH), and creatine kinase (CK). Homogenates of 
the kidney and heart were used for estimation of 
oxidative stress markers (reduced glutathione (GSH), 
malondialdehyde (MDA), superoxide dismutase 
(SOD), and nitric oxide (NO)). Additionally, caspase-3 
activities and DNA-fragmentation were investigated 
in renal tissues. The results showed that cisplatin 
produced significant elevation in serum activities of 
LDH, CK, BUN, and Cr and also induced significant 
elevation in the oxidative stress makers (MDA and 
NO) accompanied by significant reduction in GSH and 
SOD in both kidney and heart. The integrity of DNA 
was heavily damaged and caspase-3 was activated in 
renal tissues. The results emphasized nephrotoxicty 
and cardiotoxicity of cisplatin. On the other hand, 
prior administration of LA significantly attenuated the 
cisplatin-evoked disturbances in the above mentioned 
parameters and protected both kidney and heart 
tissues. The histopathological examination emphasized 
the obtained results. In conclusion, LA is suggested 
to be a potential candidate to ameliorate cisplatin-
induced nephrotoxicity and cardiotoxicity without 
altering the antitumor efficacy of cisplatin.

Keywords: Cisplatin, DL-α-lipoic acid, oxidative stress, 
nephrotoxicity, cardiotoxicity

1. Introduction

Cisplatin is a potent chemotherapeutic agent that has 
wide range of activity against different tumors such as 
testicular, head and neck, ovarian, and non-small cell 
lung cancers as well as hematological malignancies 
(1). Despite its usefulness, major side effects such 
as nephrotoxicity, cardiotoxicity, neurotoxicity, 
emetogenesis, and ototoxicity have limited its use in 
clinical treatment (2). Several studies have documented 
the involvement of generation of reactive oxygen 
species, such as superoxide anion and hydroxyl radical 
in its mechanism of toxicity (1,3) with reduction of 
various antioxidants in patient plasma (4). Failure of 
the antioxidant defense mechanism against free radical-
mediated organ damage after cisplatin administration was 
also recorded (5). All these mechanisms greatly encourage 
the using of free radical scavengers and antioxidants to 
counteract cisplatin-induced toxicities (6,7).
 DL-α-Lipoic acid (LA), a dithiol compound, is found 
naturally in the mitochondria and acts as an essential 
cofactor for mitochondrial respiratory enzymes pyruvate 
dehydrogenase and α-ketoglutarate dehydrogenase. 
It displays antioxidant effects by scavenging reactive 
oxygen species and stimulates the synthesis of other 
antioxidants, such as glutathione (8). Several studies 
have shown that LA exerts multiple pharmacological 
actions in different models of diseases characterized by 
increase in oxidative stress markers (9-11). Additionally, 
the cardioprotective effects of LA against adriamycin 
and cyclophosphamide induced-toxicities are well 
documented (12,13). Moreover, LA exerts anti-
inflammatory actions by inhibiting nuclear factor-κB 
(NF-κB) activation and by decreasing adhesion molecule 
expression in endothelial cells (14). Accordingly, in 
the present investigation, LA was suggested to be a 
good candidate for protection against cardiotoxicty and 
nephrotoxicity induced by cisplatin.

Original Article DOI: 10.5582/ddt.2012.v6.3.147
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 The aim of the present study was to evaluate the 
possible efficacy of LA as a protective agent against 
cisplatin-induced nephrotoxicity and cardiotoxicity in rats 
and to investigate wether this protection may affect the 
antitumor activity of cisplatin.

2. Materials and Methods

2.1. Chemicals and drugs

Cisplatin vials (Bristol Myers Squibb Co., USA) were 
used. DL-α-lipoic acid was purchased from Sigma-Aldrich 
Chemie, Germany. All other chemicals and reagents 
used were of the highest purity grade available and were 
purchased from Sigma-Aldrich Chemie, Germany.

2.2. Animals

Adult male Wistar albino rats weighing 180-200 g 
purchased from the Egyptian Organization for Biological 
Products and Vaccines (VACSERA, Giza, Egypt) and 
Female Swiss albino mice weighing 22-25 g obtained from 
animal house facility, Pharmacology Unit, National Cancer 
Institute (NCI), Cairo University, Egypt, were used in this 
study. Animals were kept under standardized conditions 
(temperature 22 ± 1ºC, relative humidity 55 ± 15% with a 
12-h light and dark cycle and were allowed food and tap 
water ad libitum). The animal's treatment protocol has been 
approved by the animal care committee of the National 
Cancer Institute, Cairo University, Egypt. The protocol is in 
accordance with the international guidelines of handling the 
experimental animals.

2.3. Experimental design

The doses of cisplatin and LA were chosen according to a 
pilot study and were matched with that in the literature (15). 
The current study includes two parts: i) estimation of the 
effect of LA on the cisplatin producing reduction in tumor 
volume in mice bearing solid Ehrlich carcinoma (SEC); ii) 
evaluation of the protective effect of LA against cisplatin-
induced toxicities in kidney and heart of rats.
 In the f irst part, solid tumor was transplanted 
subcutaneously in the right thigh of the lower limb of each 
mouse. Mice with a palpable tumor mass (100 mm3) that 
developed within 7 days after implantation were divided 
into 4 groups (n = 10) and followed the same treatment in 
previous experimental design. The change in tumor volume 
was measured three times weekly using a vernir caliper and 
calculated by the following formulas previously described (16).

Tumor volume (mm3) = [4π (A/2)2 × (B/2)]/3 = 0.52 × A2 
× B, where A and B denoted the minor and major tumor 
axis, respectively.

 In the second part, rats were divided into four groups (n 
= 10). In one group, rats were injected with 0.2 mL saline 

solution and served as control group. In the second group 
rats were injected with single dose of cisplatin (10 mg/kg, 
i.p.). In the third group, rats were administrated LA (100 
mg/kg, i.p.). In the fourth group, rats were administrated 
LA (100 mg/kg, i.p.) followed by cisplatin (10 mg/kg, 
i.p.) 30 min later. Twenty-four hours after the last dose 
of the specific treatment, all animals were sacrificed by 
decapitation under light ether anesthesia. Blood samples 
were collected from heart puncture and serum samples 
were separated for measurement of renal function tests 
and serum cardiac enzymes. The kidney and heart were 
excised, immediately washed in ice-cold isotonic saline, 
blotted between two fi lter papers and used for preparing 
homogenates (20%, w/v) with normal saline, and were 
kept at −20°C till estimation of oxidative stress markers. 
Parts of the kidney homogenate were used for evaluation 
of DNA fragmentation and caspase-3 activation. Samples 
of the intact tissue of heart and kidney were washed with 
saline and fi xed in 10% neutral buffered formalin solution 
for histopathological examination.

2.4. Determination of biochemical parameters

2.4.1. Cardiac biomarkers

Serum cardiac enzymes lactate dehydrogenase (LDH) 
and creatine kinase (CK) were determined using standard 
commercial kits (Spectrum diagnostics, Cairo, Egypt) 
according to the methods previously described by Bais 
and Philcox (17), and Wu and Bowers (18), respectively. 
The values were expressed as U/L and were presented as 
percent of control values.

2.4.2. Renal biomarkers

Serum levels of urea (BUN) and creatinine (Cr) were 
determined using standard commercial kits (Spectrum 
diagnostics, Cairo, Egypt) and according to the methods 
described by Tabacco et al. (19), and Bowers and Wong 
(20), respectively. The values were expressed as mg/dL 
and were presented as percent of control values.

2.5. Determination of oxidative stress markers

2.5.1. Estimation of tissue lipid peroxidation contents

MDA is formed from the breakdown of polyunsaturated 
fatty acids, and serves as a convenient index for 
determining the extent of the peroxidation reaction. MDA 
was measured according to the method of Buege and Aust 
(21). The results were expressed as nmol/g tissue.

2.5.2. Measurement of tissue glutathione (GSH) contents

Reduced GSH was measured spectrophotometrically at 
412 nm according to the method of Ellman (22). The 
amount of GSH was expressed as μmol/g tissue.
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western max detection kit (Ameresco, USA). After 
blocking with dilution buffer DBT (DB plus 1% 
Tween-20) plus 1% bovine serum albumin (BSA), the 
membrane blots was incubated within dicated primary 
antibody at 4ºC over night then washed, and incubated 
with horseradish peroxidase-conjugated secondary 
antibody for 4 h at room temperature. After washing, the 
protein bands were visualized by 3,3-diaminobenzidine 
(DAB) chromogen which gives brown precipitate at the 
reaction site, specific protein bands on these transferred 
membranes were detected using antibodies (purfi ed anti-
β-actin antibody obtained from (Biolegend, USA) and 
anti-mouse caspase 3 monoclonal antibody obtained from 
(Bioscience, USA)). Relative expression of proteins was 
evaluated by normalizing the expression of proteins with 
quantitative housekeeping protein β-actin (27).

2.8. Histopathological examination

Heart and kidney samples were kept in 10% neutral 
buffered formalin and were dehydrated through alcohols, 
cleared in xylene and then embedded in paraffin wax. 
Sections (5 mm thick) were stained with haematoxylin 
and eosin. The magnification power of 400 was used 
to elucidate the histopathological changes using light 
microscopy.

2.9. Statistical analysis

The results were expressed as (mean ± SEM). The 
comparison between means of the groups (n = 10) were 
carried out using one way analysis of variance (ANOVA) 
followed by the Tukey multiple comparison test. p value 
of 0.05 or less was taken as a criterion for a statistically 
signifi cant difference.

3. Results

3.1. Effect of cisplatin, DL-α-lipoic acid and their 
combination on tumor volume

As shown in Table 1, administration of a single dose 
of cisplatin resulted in a significant decrease in the 
tumor volume (95.57 ± 16.44 mm3) as compared to the 
control group. Treatment with LA (100 mg/kg) alone 

2.5.3. Determination of tissue superoxide dismutase 
(SOD) activity

SOD activity was determined spectrophotometrically 
at 540 nm following the inhibition of pyrogallol 
autooxidation as described previously by Minami and 
Yoshikawa (23). The rate of inhibition of pyrogallol 
autooxidation is directly proportional to the activity of 
SOD in the tissues. The values of SOD were expressed 
as μmol/mg tissue.

2.5.4. Assessment of tissue total nitrate/nitrite (NO) 
concentration

Total NO was measured chemically according to the 
method of Miranda et al. (24). The levels of NO were 
expressed as μmol/g tissue in homogenate.

2.6. Evaluation of DNA fragmentation in the kidney tissues

DNA fragmentation in the kidney was evaluated according 
to the method described by Katoh et al. (25) using agarose 
gel electrophoresis. The kidney tissues were homogenized 
and lysed in a cold lysis buffer (10 mM Tris-HCl, 5 mM 
disodium EDTA, and 0.5% Triton X-100, pH 8.0) for 10 
min at 4ºC. The DNA was sequentially extracted twice 
using half volumes of phenol/chloroform and incubated at 
55ºC for 10 min. After centrifugation at 3,000 rpm for 20 
min, the upper layer was incubated with proteinase at 37ºC 
for 60 min followed by incubation with ribonuclease at 
37ºC for 60 min. The DNA was precipitated by adding 10 
M ammonium acetate and 100% ethanol and maintained 
at −20°C overnight. DNA was collected by centrifugation 
at 15,000 × g for 20 min, air-dried, and resuspended in 
TE buffer (10 mM Tris-HCl, 5 mM EDTA, pH 7.4). The 
resulting DNA preparations were electrophoresed through 
a 1.4% agarose gel containing ethidium bromide using 
TBE buffer (Tris-boric acid-EDTA buffer, pH 8.3) at 40 V 
for 5 h. Equal quantities of DNA (based on optical density 
measurements at 260 nm) were loaded in each lane, and 
a molecular DNA marker was used as a molecular mass 
standard (26). DNA fragmentation was visualized and 
photographed under ultraviolet illumination for testing the 
degree of fragmentation.

2.7. Evaluation of caspase-3 activities in the kidney tissues

The kidney tissues were homogenized followed by 
centrifugation at 11,000 rpm, 4ºC for 15 min. Protein 
content in the resulting supernatant was determined using 
Bradford reagent (Thermo scientifi c, USA).  Equal volume 
of supernatant was mixed with 1× loading buffer and 5 μL 
of β-mercaptoethanol and boiled for 5 min. Proteins were 
separated by SDS-polyacrylamide gel electrophoresis 
and then electrotransferred onto PVDF membrane using 
semidry transfer apparatus. The membrane was blocked 
according to manufacture instruction of chromogenic 

Groups

Control
Cisplatin
DL-α-lipoic acid
DL-α-lipoic acid + cisplatin

Tumor volume (mm3)

    273.00 ± 104.05
      95.57 ± 16.44a

    268.65 ± 103.34b

      98.25 ± 14.39a

Table 1. Effect of administration of cisplatin (10 mg/kg, i.p.), 
DL-α-lipoic acid (100 mg/kg, i.p.) and their combination on 
the tumor volume of solid Ehlich carcinoma in mice

Values are expressed as means ± SEM (n = 10 rats). One-way ANOVA 
followed by Tukey's test was used for comparing the results. a p < 0.05 vs. 
control, b p < 0.05 vs. cisplatin.
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did not produce any significant change in the tumor 
volume (268.65 ± 103.34 mm3) as compared to control. 
Administration of LA (100 mg/kg) 30 min prior to 
cisplatin produced a significant decrease in the tumor 
volume (98.25 ± 14.39 mm3) as compared to control. 
However this effect was not significant from cisplatin 
group.

3.2. Biomarkers of cardiotoxicity

Results of the current study revealed that administration 
of cisplatin (10 mg/kg) resulted in a significant 
increase in serum LDH and CK levels to 33% and 
140% compared to the control group, respectively. 
This indicates the marked heart injury. In contrast, co-
administration of LA with cisplatin induced a signifi cant 
reduction in serum LDH and CK compared to cisplatin 
group (Figures 1A and 1B).

150

3.3. Biomarkers of nephrotoxicity

As shown in Figures 2A and 2B, treatment with a single 
dose of cisplatin (10 mg/kg) resulted in a significant 
increase in BUN (155%) and the Cr (219%) compared to 
the control. Administration of LA (100 mg/kg) resulted in 
a non signifi cant change in BUN or Cr levels, compared 
to the control group. Meanwhile, co-administration of LA 
(100 mg/kg) 30 min before cisplatin (10 mg/kg) resulted 
in a complete reversal of cisplatin-induced increase in 
BUN or Cr levels compared to the cisplatin values.

3.4. Biochemical markers of oxidative stress

3.4.1. Effect on lipid peroxidation level

Results in Tables 2 and 3 showed that, cisplatin 
administration to rats significantly increased the MDA 

Figure 1. Effect of cisplatin (Cis), DL-α-lipoic acid (LA), 
and their combination (LA + Cis) on serum lactate 
dehydrogenase activity (A) and creatine kinase activity (B) 
in rats. Values represent the mean ± SEM of (n = 10 rats). 
One-way ANOVA followed by Tukey's multiple comparison 
test. a p < 0.05 vs. control, b p < 0.05 vs. cisplatin.

Figure 2. Effect of cisplatin (Cis), DL-α-lipoic acid (LA), 
and their combination (LA + Cis) on serum urea (A) and 
creatinine (B) level in rats. Values represent the mean ± 
SEM of (n = 10 rats). One-way ANOVA followed by Tukey's 
multiple comparison test. a p < 0.05 vs. control, b p < 0.05 vs. 
cisplatin.
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levels in both heart and kidney tissues, by 62% and 
90%, respectively, compared to the control group. 
Administration of LA with cisplatin diminished the 
cisplatin-induced increase in MDA levels in both tissues. 
Moreover, LA normalized the MDA in these tissues.

3.4.2. Effect on reduced GSH content

LA produced a significant elevation in the levels of 
reduced GSH in the heart and kidney tissues. On the 
other hand, cisplatin administration, significantly 
decreased the GSH levels in the heart and kidney 
tissues by 46% and 61%, respectively, compared to the 
control (Tables 2 and 3). Administration of LA (100 
mg/kg) 30 min prior to cisplatin (10 mg/kg) treatment 
resulted in signifi cant increase in the content of reduced 
glutathione in the heart and kidney tissues by 100% 
and 284% respectively, as compared to cisplatin-treated 
group.

3.4.3. Effect on SOD activity

The current study showed that, treatment with LA 
slightly elevated the SOD activity. In contrast, SOD 
activity was signifi cantly attenuated in cisplatin-treated 
rats (45% in heart and 23% in kidney tissues compared 
to control). However, a marked increase in SOD activity 
was observed upon administration of LA with cisplatin 
(75% in heart and 22% in kidney tissues compared to 
cisplatin group). Interestingly LA could elevate activity 
of SOD compared with cisplatin group (Tables 2 and 3).

3.4.4. Effect on nitric oxide contents

Results of the present investigation showed that LA 
produced a signifi cant decrease in levels of nitric oxide 
in the heart and kidney tissues. On the other hand, 

cisplatin administration signifi cantly increased the level 
of nitric oxide in heart and kidney tissues, by 62% and 
46%, respectively, compared to the control (Tables 
2 and 3). Administration of LA (100 mg/kg) 30 min 
before cisplatin (10 mg/kg) resulted in a significant 
decrease in heart tissues content of nitric oxide 
(43%) as compared to the control, and a significant 
decrease (65%) as compared to cisplatin group. Co-
administration of LA (100 mg/kg) with cisplatin (10 
mg/kg) resulted in a significant decrease in kidney 
tissues content of nitric oxide (42%) as compared to the 
control, and a signifi cant decrease (60%) as compared 
to cisplatin group.

3.5. Evaluation of DNA fragmentation in the kidney 
tissue

As illustrated in Figure 3, no appreciable fragmentation 
of DNA was observed in the kidney tissues of control 
rats, LA, and the combination group. Whereas, cisplatin 
exposure resulted in a marked damage of DNA in the 
kidney tissues.

3.6. Evaluation of caspase-3 activities in the kidney 
tissue

The results in Figure 4 revealed that, administration 
of cisplatin induced a significant increase in cleaved 
caspase-3 in the kidney tissues. Treatment with LA 30 
min before cisplatin administration showed a signifi cant 
decrease in cleaved caspase-3 in the kidney compared 
with the cisplatin-treated group.

3.7. Histopathological examination

Figures 5A and 5B indicated that, LA prevented 
cisplatin-induced kidney and heart damage. Where 

Groups

Control
Cisplatin
DL-α-lipoic
DL-α-lipoic acid + cisplatin

Table 2. Effect of administration of cisplatin (10 mg/kg, i.p.), DL-α-lipoic acid (100 mg/kg, i.p.) and their combination on MDA, 
GSH, NO, and SOD activities in the heart tissues of rats

MDA (nmol/g)

1,213.66 ± 18.72
 1,962.66 ± 10.78a

    351.13 ± 3.16a,b

    854.72 ± 8.09a,b

GSH (μmol/g)

0.59 ± 0.031
 0.32 ± 0.048a

   0.75 ± 0.039a,b

   0.64 ± 0.043a,b

NO (μmol/g)

38.81 ± 1.55
 62.99 ± 1.58a

   22.96 ± 1.28a,b

   22.22 ± 0.82a,b

SOD (μmol/mg)

83.09 ± 1.64
 45.62 ± 2.17a

 89.88 ± 2.02b

 79.94 ± 2.05b

Values are expressed as means ± SEM (n = 10 rats). One-way ANOVA followed by Tukey's test was used for comparing the results. a p < 0.05 vs. 
control, b p < 0.05 vs. cisplatin.

Groups

Control
Cisplatin
DL-α-lipoic
DL-α-lipoic acid + cisplatin

Table 3. Effect of administration of cisplatin (10 mg/kg, i.p.), DL-α-lipoic acid (100 mg/kg, i.p.) and their combination on MDA, 
GSH, NO, and SOD activities in the kidney tissues of rats

MDA (nmol/g)

164.97 ± 1.97
313.42 ± 3.96a

145.35 ± 2.11a,b

108.69 ± 2.64a,b

GSH (μmol/g) 

 0.80 ± 0.01
 0.31 ± 0.015a

 1.49 ± 0.047a,b

 1.19 ± 0.049a,b

NO (μmol/g)

26.32 ± 1.13
38.47 ± 1.88a

15.23 ± 1.16a,b

15.25 ± 1.18a,b

SOD (μmol/mg)

   75.77 ± 2.55
   58.15 ± 1.42a

   78.92 ± 1.36b

   71.11 ± 2.36b

Values are expressed as means ± SEM (n = 10 rats). One-way ANOVA followed by Tukey's test was used for comparing the results. a p < 0.05 vs. 
control, b p < 0.05 vs. cisplatin.
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24 h after cisplatin treatment, extensive renal tubular 
injury were observed, which included tubular cell 
necrosis, extensive degeneration, and sever damage in 
some proximal and distal tubules with loss of normal 
architecture of cells. Moreover, interstitial hemorrhage 
between the kidney tubules was also observed (Figure 
5A). The heart section of cisplatin treatment showed 
separated cardiac muscles with interruption of myofi brils 
and severs interstitial hemorrhages (Figure 5B). Cisplatin 
administration significantly increased kidney and heart 
injury compared with the control group. Treatment with 
LA significantly reduced the cisplatin-induced kidney 
and heart damage. Treatment with LA alone caused no 
signifi cant morphologic alterations in both tissues.

4. Discussion

In the current study, administration of cisplatin 
produced a significant decrease in the tumor volume 
as compared to control group indicating its powerful 
chemotherapeutic activity. LA alone showed no effect 
on tumor volume indicating that it has no antitumor 
activity. Additionally, co-administration of LA with 
cisplatin produced a non-significant change in the 
antitumor activity of the latter, indicating no change in 
the effi cacy of cisplatin upon combination with LA.
 In the present study, cisplatin significantly 
increased cardiac enzymes (CK, LDH) activities. 
A significant increase was also observed in kidney 

Figure 3. Effect of cisplatin (10 mg/kg), DL-α-lipoic acid (100 
mg/kg) and their combination on DNA extracted from the 
kidney tissues of rats. Agarose gel electrophoresis of DNA 
fragments in rat kidney. Lane M: 10 kbp DNA ladder; lane 
Control: intact DNA of normal control; lane LA, lane Cis, and 
lane LA + Cis: DNA samples isolated from rats treated with 
DL-α-lipoic acid (LA), cisplatin (Cis), and their combination 
(LA + Cis), respectively. Cisplatin exposure resulted in a 
marked damage of DNA in the kidney tissues. No appreciable 
fragmentation of DNA was observed in the kidney tissues of 
control rats, LA, and the combination group.

Figure 4. Effect of cisplatin (10 mg/kg) (Cis), DL-α-lipoic 
acid (100 mg/kg) (LA), and their combination (LA + Cis) 
on caspase-3 expression in renal tissues of rats using 
western blot analysis. The combination group showed 
a significant decrease in cleaved caspase-3 in the kidney 
compared with the cisplatin-treated group.

Figure 5. Effect of cisplatin (10 mg/kg), DL-α-lipoic acid (100 mg/kg), and their combination on kidney (A) and cardiac (B) 
tissues of rats. (A): Histolopathologic sections from control and DL-α-lipoic acid (LA) alone or with cisplatin (Cis + LA) showed 
near normal glomeruli and tubules. Whereas, sections from cisplatin group (Cis) showed extensive renal tubular injury such as 
tubular cell necrosis, cast formation, loss of brush border, dilatation of tubules, and infl ammatory cell infi ltration. (H&E, ×400). 
(B): Histologic sections from control or DL-α-lipoic acid (LA) alone showed near normal appearance of the cardiac muscle fi bers. 
Whereas, sections from cisplatin group (Cis) showed extensive degenerated and fragmented in some cardiac muscle fi bers and 
separated cardiac muscles with interruption of myofi brils and sever interstitial hemorrhages. These changes were less pronounced 
in rat treated with combined therapy (LA + Cis). (H&E, ×400).
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function tests (BUN, Cr) compared with control group. 
Previous studies reported similar elevation in CK and 
LDH after cisplatin administration (15,28,29). The 
elevation in activities of these enzymes in serum is 
diagnostic marker for cardiac injury. Cisplatin has the 
ablility to generate reactive oxygen species, such as 
superoxide anion and hydroxyl radical (5), that results 
in irreversible modifi cation of myocardial membrane 
structures, functions and integrity with the consequent 
leakage of cardiac enzymes (13,15).
  Nephrotoxicity is one of the most common side 
effects of cisplatin encountered in cancer patients. 
More than 25% of patients developed acute renal 
failure after receiving an initial dose of cisplatin due 
to its preferential accumulation within the proximal 
tubular epithelial cells (30-32). Nephrotoxicity 
was manifested by significant increase in urea and 
creatinine resulted from reduction of glomerular 
filtration rate (30-33). Several factors including 
infl ammation, genotoxic damage, and cell cycle arrest 
have been incriminated in the pathogenesis of cisplatin 
nephrotoxicity (34,35).
 The marked oxidative stress, as evidenced by 
increased lipid peroxidation and decreased antioxidant 
capacity in heart and kidney tissues, observed in the 
current study after cisplatin treatment is in accordance 
with previous reports (15,34,35). This decline in 
antioxidants further aggravates the levels of free 
radicals in heart and kidney and prevents organ 
protection against cisplatin toxicity (3,15,36,37). 
In one study, the low cardiac glutathione level was 
a risk factor for developing cyclophosphamide-
induced congestive heart failure (38). The heart and 
kidney have a variety of endogenous enzymatic and 
non-enzymatic antioxidants that act in coordination 
to provide cellular defense against reactive oxygen 
species.
 In the present  work,  ni tr ic  oxide levels  in 
the heart and kidney were significantly elevated 
following cisplatin administration. Overproduction 
of nitric oxide was directly linked to heart damage 
in other models of chemotherapeutic agents-induced 
cardiotoxicity, as in cyclophosphamide (13), and 
doxorubicin (39). Negative inotropic effects with 
deterioration of myocardial performance and the 
induction of myocardial damage (40) were attributed 
to overproduction of NO. In addition, it has been 
demonstrated that NO may enhance cellular injury 
by decreasing intracellular GSH levels (41). Nitric 
oxide promotes oxidative stress-induced cell injury by 
formation of peroxynitrite anion, a potent prooxidant 
and cytotoxic intermediate, that causes protein 
nitration and tissue injury (42,43).
 Another possible explanation may be attributed 
to the fact that cisplatin induces a cascade of 
inflammatory reactions, which play an important 
pathogenic role in cisplatin-induced tissues injury (2).

 The activation in caspase-3 accompanied with DNA 
fragmentation in kidney tissues of cisplatin treated rats 
observed in the present study can be explained on the 
bases that, the reactive oxygen species generated by 
cisplatin may trigger the opening of the mitochondrial 
permeability transition pores and permits the release 
of cytochrome c from mitochondria to cytosol and 
hence activates the mitochondria dependent pathway 
leading to apoptosis (44). Caspase activation is 
thought to be important in the genesis of apoptosis, in 
particular, caspase-3, the execution caspase, which is 
instrumental in the apoptotic process, and it cleaves 
and activates poly (ADP-ribose) polymerase and the 
inhibitor of caspase activator domain protein, leading 
to DNA fragmentation (45,46).
 In the present study, administration of LA alone, 
increased the level of GSH, compared to the control 
group, a finding which is in agreement with that of 
Melhem et al. (47). This may be explained on the 
bases that LA and their reduced form (dihydrolipoic 
acid) may act as extra- and intracellular redox couples 
and powerful lipophilic free radical scavenger (48). It 
is well documented that, LA is a powerful free radicals 
scavenger and capable of increasing concentration 
of GSH in tissues (49). Additionally, LA is involved 
in recycling of antioxidant vitamins C and E and 
in modulating the activities of SOD (50). There is 
mounting evidence that LA increases or maintains 
cellular GSH levels by acting as a transcriptional 
inducer of genes governing GSH synthesis (51).
 In the present study the beneficial effects of 
LA were manifested by significant decrease in 
serum levels of cardiac enzymes (LDH and CK) 
and in kidney biomarker enzymes (BUN and Cr). 
Additionally, MDA levels in heart and kidney tissues 
were significantly diminished and the antioxidants 
GSH level and SOD activity were restored. Similar 
decrease in cardiac enzymes activities by LA in rats 
treated with doxorubicin (52) as well as in rats treated 
with cisplatin (15) was previously reported. Moreover, 
LA was effective in normalizing the antioxidant levels, 
as well as levels of creatinine and blood urea nitrogen 
in acetaminophen-induced renal damage in rats (36). 
In another study, LA attenuated the elevation in 
creatinine and blood urea nitrogen induced by cisplatin 
in mice (2). Additionally, comparable effects of LA on 
the antioxidant defense system and prevention of the 
increase in lipid peroxidation were previously reported 
in renal tissues (53) and in cochlear tissues (54) of rats 
treated with cisplatin. LA has strong ability to chelate 
metals and to scavenge free radicals such as hydroxyl 
radical (15,55). In addition, LA is easily absorbed and 
transported across cell membranes, thus, free radical 
protection occurs both inside and outside of cells (56). 
LA not only exerts potent antioxidant activities but 
also has anti-inflammatory effects against different 
infl ammatory conditions (2,11,57).
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 There is an ample of evidence indicating that 
inhibition of nitric oxide overproduction by LA can 
protect against the heart and kidney injury induced by 
other chemicals or drugs (39,41). The ability of LA 
to modify nitric oxide production by preventing the 
up-regulation of nitric oxide synthase was previously 
documented, where LA inhibits lipopolysaccharide-
induced NO production in isolated rat Kupffer's cells 
and in murine macrophages (58). Furthermore, pre-
treatment with LA may protect against cisplatin-
induced kidney and heart injury through prevention 
of NO overproduction (36,59). Another possible 
explanation is the direct scavenging effect of NO by 
the sulphydryl group of LA (60).
 In the current investigation, the significant 
decrease in cleaved caspase-3 and DNA fragmentation 
induced by cisplatin observed after LA treatment can 
be explained by the protective and the anti-apoptotic 
properties of LA. This protective effect may be 
attributed to its antioxidant action exerted against 
the pro-oxidant effects of cisplatin. LA is a hydroxyl 
radical scavenging agent. It prevents hydroxylation of 
deoxyguanosine and thus the associated DNA damage 
(61). Furthermore, LA inhibited the site-specific 
degradation of deoxyribose by prooxidants due to its 
iron chelating ability (62).
 In histopathological examination, the observed 
abnormalities in kidney tissues observed after 
cisplatin treatment are in accordance with the 
previous studies (31,63,64). As cisplatin-induced 
nephrotoxicity exhibits histological alterations 
including swelling and vacuolation of the lining 
endothelium of the glomerulus tuft as well as 
tubular degeneration of the renal tubular cells. 
These changes are associated with the loss of renal 
functions as revealed by the observed abnormalities 
in renal enzymes. On the other hand, the concurrent 
administration of LA with cisplatin, almost prevents 
the histopathology changes of the heart and kidney, 
especially necrosis and sever interstitial hemorrhages 
(2).

5. Conclusion

It could be concluded that, cisplatin administration 
results in pronounced oxidative stress which is 
revealed by cellular damage to the heart and kidney 
of the rats. Coadministration of DL-α-lipoic acid 
was found to be effective candidate in protecting 
the heart and kidney tissues from cisplatin-induced 
nephrotoxicity and cardiotoxicity without interfering 
with antitumor activity of cisplatin. It is greatly 
recommended to co-administer DL-α-lipoic acid 
with cisplatin to minimize the nephrotoxicity and 
cardiotoxicity of the latter. Further clinical studies are 
encouraged to approve the validity of these results in 
human.
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ABSTRACT: Skin roughness is a term commonly 
used in Japan to describe a poor skin condition 
related to a rough and dry skin surface that develops 
as a result of various damaging effects from the 
environment or skin inflammation. Recovery from 
skin roughness requires skin care for a long period, 
thus it is important to prevent development of such 
skin changes. PROTECT X2 contains agents used 
for a protective covering of the skin from frequent 
hand washing or use of alcohol-based disinfectants. 
These unique components are also thought to be 
effective to treat skin roughness of the dorsa of the 
hands and heels. In the present study, we evaluated 
the effectiveness of PROTECT X2 to increase skin 
surface hydration state, as well as enhance the 
barrier function of the stratum corneum of the 
dorsa of the hands and heels in elderly individuals. 
A total of 8 elderly subjects and their caretakers 
without any skin diseases participated in the study. 
They applied PROTECT X2 by themselves to the 
dorsum area of 1 hand and heel 3 to 5 times daily for 
1 month, while the opposite sides were left untreated. 
We measured stratum corneum (SC) hydration and 
transepidermal water loss (TEWL) before beginning 
treatment, then 1 week and 1 month after the start 
of treatment to compare between the treated and 
untreated skin. SC hydration state after applications 
of PROTECT X2 was 1.5- to 3.0-fold higher than that 
of the untreated skin in the dorsa of both hands and 
heels, indicating that the moisturizing ingredients 
accompanied by water were replenished in those 
areas where the cream was applied. Also, TEWL 
in the dorsum of the hands was 17.0-27.9% lower 
on the treated side, indicating improvement in SC 
barrier function. On the basis of these findings, 

we concluded that PROTECT X2 enhances water-
holding in the SC and aids the barrier function of 
the skin in the dorsum of the hands. In addition, we 
consider that this formulation is useful for not only 
protecting the hands from the effects of such agents 
as detergents and alcohol-based disinfectants, but also 
for protecting heel skin covered by a thick SC from 
dry and cold conditions such as those encountered in 
winter. However, since the SC in that area is much 
thicker than that of the hands, the barrier function 
was not significantly improved within 1 month of 
daily treatments.

Keywords: Stratum corneum, skin protective cream, 
transepidermal water loss, water content

1. Introduction

"Skin roughness" is a commonly utilized term in 
Japan for disturbed skin surface, which develops from 
synergistic interactions of various factors such as dryness 
and infl ammation. The skin is composed from external to 
internal of the stratum corneum (SC), epidermis, dermis, 
and subcutaneous tissue. The SC covers the skin surface 
as an extremely thin membranous barrier and has an 
important protective role against the external environment 
(1). Approximately 30% of the content of the SC is water, 
which functions to maintain smoothness and softness of 
the skin surface even under dry external environmental 
conditions (2). Thus, the SC has an important barrier 
function to prevent the infi ltration of harmful substances 
from outside of the body and also prevents water loss 
from the living tissues that it covers (1).
 Various substances in the SC play a role to maintain 
hydration of the SC. They consist of sebum secreted 
from the sebaceous glands to cover the skin surface, 
except for the palms and soles, low-molecular weight 
substances termed natural moisturizing factor (NMF), 
which are chiefl y composed of highly hygroscopic amino 
acids present in corneocytes (3), and intercellular lipids 
that spread between the corneocytes, such as ceramides, 
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cholesterol, and fatty acids, which inhibit water loss from 
the tissues and prevent NMF effusion to the outside of 
the cells (4). The SC is produced by proliferation and 
differentiation of keratinocytes composing the epidermis 
as a result of epidermal turnover, which normally occurs 
over a period of 28 days in most parts of the body, such 
as the trunk and limbs. However, once inflammation 
involves the epidermis, the cell cycle shortens to induce 
increased keratinocyte proliferation, which causes 
reductions in the amounts of intercellular lipids and NMF, 
leading to a decrease in water content in the SC. Under 
such conditions, so-called dry skin develops, in which 
the skin surface texture is disturbed to induce exfoliation 
of the corneocytes as a mass, namely scaling. Thus, it is 
inevitable that a decrease in SC barrier function protecting 
the body from desiccation occurs due to a dry external 
environment (5).
 For objective and non-invasive evaluations of skin 
surface conditions, measurements of high-frequency 
conductance and transepidermal water loss (TEWL) 
are widely used (6-8). With the former, it is possible 
to determine the hydration state of the skin surface, 
i.e., water content in the superficial portion of the SC 
that faces the environment. Thus, it can also be used 
to determine the efficacy of a cosmetic base on water 
content in the SC when measured under constant 
temperature and moisture conditions (6,7). In contrast, 
TEWL measurement assesses the barrier function of the 
SC by determining the amount of water that evaporates 
from the skin surface and is lost from water-saturated skin 
tissues (8). It has been reported that such measurements 
should be made without the infl uence of perspiration or 
airflow, at around 20°C (9). Since the water content of 
the superfi cial portion and barrier function constitute the 
vital functional characteristics of the SC that covers the 
skin surface, these measurements are generally performed 
in combination. Recently, for evaluating skin surface 
morphology, or skin texture, imaging analysis using 
replicas has also been utilized (10).
 When skin roughness is left untreated, an increase in 
the risk of infl ammation or infection can develop due to 
the formation of cracks in the SC. Thus, it is considered 
that the fundamental issue for maintaining healthy skin 
is moisturizing to keep the skin surface smooth and soft, 
and prevent development of cracking. Cosmetic products 
produced for improving skin roughness are generally 
composed of water, oil, and moisturizing agents, which 
are suitable for maintaining the balance of water, 
NMF, and lipids on the skin surface. These are broadly 
interpreted as preparations that maintain homeostasis of 
the skin, thus cosmetic products and quasi-drugs used 
for maintaining, restoring, and improving the function 
of epidermal tissue have been actively developed. An 
agent that improves rough skin is sometimes used alone, 
but mostly in combination with multiple moisturizing 
agents such as highly concentrated glycerin and 
propylene glycol, and anti-inflammatory agents such as 

glycyrrhizinate and lysozyme chloride for suppressing 
minor infl ammation.
 In elderly individuals, a relatively thick SC is formed 
in the skin surface as epidermal proliferation reduces and 
differentiation slows with poor production of the NMF 
in the epidermis with aging, resulting in accumulation 
of dry corneocytes in the superficial portion of the SC. 
Accordingly, corneocytes with low NMF content tend 
to remain on the skin surface of elderly subjects due to 
reduced activity of the proteolytic enzymes to facilitate 
to reduce their adhesion to each other (11). Moreover, 
sebum secretion begins to decline in the fifth decade 
of life, and skin changes termed senile xerosis begin to 
develop in the dry and cold conditions of winter. In most 
affected individuals, the skin surface of the back, hips, 
and legs becomes dry and cracked, inducing itchiness 
(11). Furthermore, in bedridden or wheelchair-bound 
elderly individuals, the incidence of pressure sores, 
so-called bedsores, also increases. Pressure sores is a 
condition in which blood flow in the skin deteriorates 
due to compression for long periods of time while sitting 
in a chair or lying on a bed, causing cracking of the SC, 
which then spreads from the skin surface to subcutaneous 
tissue and maintained in the presence of poor blood 
circulation. Moreover, when the skin is stimulated 
by friction, cracking of the thickened SC may occur, 
facilitating the development of pressure sores. In the case 
of a heel affected by pressure sores, walking becomes 
difficult, affecting bodily movement. Since recovery 
from skin injury requires a long period of time in elderly 
individuals, it is important to prevent the development of 
these skin conditions.
 PROTECT X2 contains high concentrations of 
glycerin and dipropylene glycol, generally employed 
as moisturizing components, as well as glycereth-25 
PCA isostearate, stearyl glycyrrhetinate, and tocophenyl 
acetate, which are widely used as anti-inflammatory 
components. In addition, it is worth noting that 
PROTECT X2 contains 3 other components, aminoethyl
aminopropylmethylsiloxane-dimethylsiloxane copolymer 
from a silicon series, polyvinyl pyrrolidone from a vinyl 
series, and perfluoropolyether from a fluorine series, 
which are used to produce a protective covering for skin 
from external damaging factors such as hand washing and 
use of alcohol-based disinfectants.
 In the present study, we examined the efficacy of 
this formulation for forming a protective skin covering, 
especially to enhance SC barrier function on the dorsum 
of the hand. We examined the effectiveness of PROTECT 
X2 for water holding when applied to the dorsum of the 
hands of elderly individuals. In addition, we examined its 
effectiveness on heel skin, the plantar area where the skin is 
covered by a uniquely thick SC, which requires suffi cient 
hydration to remain soft and flexible, and resists strong 
external forces, for avoiding formation of cracking or deep 
fi ssures, which particularly occur in elderly individuals who 
tend to have thicker SC than young healthy individuals (11). 
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2.4. Statistical analysis

For testing the signifi cance of the mean values between 
the groups, Student's paired t-test was used, while 
Pearson's correlation coeffi cient was used for analyzing 
correlations. For correlation analysis of the mean values 
with temperature and humidity, Pearson's correlation 
coefficient was used. The level of significance in 
Student's t-test was 5%. For testing the correlation 
coeffi cient (r), Fisher's r to z transformation was used. 
Microsoft® Office Excel 2007 (Microsoft Japan Co., 
Ltd., Tokyo, Japan) and KaleidaGraph® 3.6 (Hulinks 
Inc., Tokyo, Japan) were used, as appropriate, for 
statistical calculations.

3. Results

3.1. Changes in skin surface hydration state with 
PROTECT X2 applications

Before the start of the PROTECT X2 applications, 
there was no signifi cant difference between the dorsum 
of the pre-treated and the untreated hands (96.8 ± 18.9 
vs. 85.8 ± 20.2 μS; mean ± standard error), or between 
that of the pre-treated and the untreated heels (12.7 ± 
3.9 vs. 8.4 ± 2.2 μS). After 1 week of PROTECT X2 
applications, the skin surface hydration state of the 
dorsum of the hands became 169.9 ± 54.8 μS, which 
was 2.6-fold greater than that of the untreated side (66.5 
± 25.1 μS) (p < 0.05). Furthermore, after 1 month of 
daily applications, the hydration state of the treated side 
was 68.0 ± 14.1 μS, which was 1.5-fold greater than 
that of the untreated side (45.3 ± 12.3 μS) (p < 0.01) 
(Figure 1A). Meanwhile, in the 7 subjects who applied 
PROTECT X2 to one of their heels daily for 1 week, 
the hydration state in the treated side was 16.7 ± 3.2 μS, 
which was 3.0-fold greater than that of the untreated 
side (5.5 ± 1.2 μS) (p < 0.01). One month after the start 
of the applications, the hydration state in the treated 
heel was 20.4 ± 4.2 μS, or 2.8-fold greater than that 
of the untreated side (7.2 ± 1.3 μS) (p < 0.05) (Figure  

2. Materials and Methods

2.1. Test agent and measuring instruments

PROTECT X2 (Newhair Cosmetic Material Co., 
Ltd., Tokyo, Japan), a quasi-drug, was the agent 
examined in this study. It is mainly composed of 
glycerin, dipropylene glycol, glycereth-25 PCA 
isostearate, stearyl glycyrrhetinate, tocophenyl 
acetate, aminoethylaminopropylmethylsiloxane-
dimethylsiloxane copolymer, polyvinyl pyrrolidone, 
and perfluoropolyether. To measure the hydration 
state of the skin surface, we used a SKICON-200EX 
(I.B.S Co., Ltd., Shizuoka, Japan). For determination 
of TEWL, a Tewameter® TM300 (Courage + Khazaka 
Electronics GmbH, Cologne, Germany) was employed. 
These instruments were operated in accordance with 
the enclosed instruction manuals and the instrumental 
measurements were made in an environment controlled 
to a constant temperature and humidity (21-23°C, 43-
50% relative humidity).

2.2. Subjects

A total of 8 elderly individuals and their caretakers (1 
male, 7 females) ranging from 29-85 years old (mean 
52.8 years) participated in the study as the subjects. None 
had any special skin diseases, but demonstrated mild to 
moderate skin roughness. Informed consent was obtained 
after explaining verbally and in writing the purpose and 
methods of the experiment, as well as handling of the 
data obtained from the experimental results. The present 
study was approved by the Ethical Committee of Chiba 
Institute of Science (Approval No. 23-2).

2.3. Method of application of PROTECT X2

The study was performed in the period from December 
2011 to January 2012. The subjects applied PROTECT 
X2 3-5 times daily to the dorsa of one of their hands 
and one of their heels for a period of 1 month, with the 
application amount set at 0.6 mL per dose. As a control, 
nothing was applied to the contralateral hand and heel 
throughout the 1-month study period. SC hydration 
state and TEWL in the SC were determined 5 times at 
each measuring site, from which the mean value was 
calculated after excluding the maximum and minimum 
values. The measurement obtained immediately before 
the start of  the application was considered to be the 
initial value. Similar measurements were conducted again 
1 week and 1 month after the start of the applications. 
The measurements were made in principle when the 
subjects were calm, in an environment controlled 
at constant temperature and humidity (21-23°C, 43-
50% relative humidity). The maximum and minimum 
temperature and humidity at each measuring point were 
also recorded.

Figure 1. Changes in water content in corneocyte layer with 
PROTECT X2 application. A) Water content in dorsum of 
hand (n = 8). B) Water content in heel (n = 7). Open column, 
untreated side; closed column, treated with PROTECT X2. 
Error bar, mean ± standard error. * p < 0.05, ** p < 0.01.
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1B). These findings suggest that PROTECT X2 was 
effective to increase the SC hydration state in the dorsa 
of the hands and heels.

3.2. Changes in TEWL with PROTECT X2 applications

Before the start of the PROTECT X2 applications, 
there was no signifi cant difference between the dorsum 
of the pre-treated and the untreated hands (13.4 ± 
1.8 vs. 14.3 ± 1.7 g/hm2), or between that of the pre-
treated and the untreated heels (30.6 ± 3.9 vs. 34.2 ± 
5.4 g/hm2). We examined TEWL in the dorsum of the 
hands of 8 subjects. After 1 week of daily applications 
of PROTECT X2, that value was 13.7 ± 1.6 g/hm2 

in the treated side, which was 27.9% lower than that 
of the untreated side (19.0 ± 3.3 g/hm2) (p < 0.05). 
Furthermore, TEWL at 1 month after starting PROTECT 
X2 applications was 15.1 ± 2.4 g/hm2 in the treated 
side, 17.0% lower than that in the untreated side (18.2 
± 2.2 g/hm2) (p < 0.05) (Figure 2A). In contrast, in the 
7 subjects who applied PROTECT X2 to their heel, 
TEWL after 1 week was 35.4 ± 2.5 g/hm2, which was 
17.2% higher than that in the untreated side (30.2 ± 1.9 
g/hm2). TEWL after 1 month of daily PROTECT X2 
applications was 36.0 ± 5.0 g/hm2 in the treated heel, 
15.0% higher than that in the untreated side (31.3 ± 4.0 
g/hm2) (Figure 2B). On the basis of these fi ndings, we 
concluded that PROTECT X2 helped to decrease TEWL 
in the dorsum of the hand, whereas it increased TEWL 
in the heel skin in the present subjects.

4. Discussion

So-called healthy skin indicates a condition in which 
the skin surface is firmly and smoothly covered with 
SC, and an adequate amount of moisture is retained. 
Measurements of water content in the superficial 
portion of the SC as well as TEWL can be employed to 
objectively evaluate the condition of the skin surface. 
The former is used as an index for moisture-holding 
capacity, while the latter represents the barrier function 
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of skin (6-8). Accordingly, these measurements together 
are suitable for determining such conditions such as 
xerosis, in which moisture in the skin is lost during the 
dry period in winter, and exfoliation of the superfi cial 
portion of the SC occurs due to repeated movements of 
the skin that produce friction as well as cracking in the 
skin surface.
 In the present subjects, the level of hydration of 
skin surfaces repeatedly applied with PROTECT X2 
was frequently found to range from 1.5- to 3-fold 
greater in conductance measurements as compared 
to the untreated sides for both the hands and heels. 
The mean hydration state at 1 week after the start of 
applications was the highest at 169.9 ± 54.8 μS, though 
the early values also showed the largest standard error 
ranges. Thus, we think that the extent of increase in 
SC hydration varies between individuals due to the 
fact that only 1 week had passed after the start of 
application. Although the water content in the SC of 
the heel was highest after 1 month of treatment (mean 
20.4 μS), it was only about one-tenth of the maximum 
value (169.9 μS) measured in the dorsum of the hands. 
This corresponded to the fact that the SC of the heel 
is distinct from that of the other portions of the body 
except for the palms, because, like palmar skin, it is 
several times thicker than that of the dorsum of the 
hands an other areas of the body. Over time, hydration 
state in the heel tended to increase gradually from 16.7 
μS at 1 week to a peak value at 1 month after the start 
of the applications (Figure 1B) (12).
 In our present investigation of the correlation 
between PROTECT X2 treated and untreated sites, 
strong correlations were confi rmed after 1 week (0.89) 
and 1 month (0.96) (both, p < 0.01) in the dorsum of 
the hands, which were statistically significant. These 
findings indicate that higher levels before starting 
treatment resulted in higher levels after the applications. 
Thus, we think that the higher hydration state in 
the treated side was due to the daily applications of 
PROTECT X2 to the dorsum of the hands. Meanwhile, 
no such correlation was observed at any time points for 
the heels. Thus, it is important to consider the unique 
water distribution in the palmo-plantar SC, as a thick 
low hydrated portion has been found in the upper and 
middle part of the SC in that area (12). In addition, it 
is possible that perspiration due to physical and mental 
changes in the subjects (9), individual differences in 
the timing of putting on footwear such as socks after 
applications, or differences in moisture retention 
because of different footwear materials might have 
also affected our results. We found a large difference 
regarding hydration state in the SC between the treated 
and untreated sides at 1 week after the start of the 
applications in both hands and heels. However, our 
fi ndings indicate that daily PROTECT X2 applications 
for 1 week are effective to enhance the moisture 
retention capacity of the SC. We already studied that the 

Figure 2. Changes in TEWL in corneocyte layer with 
PROTECT X2 application. A) TEWL in dorsum of hand (n 
= 8). B) TEWL in heel (n = 7). Open column, untreated side; 
closed column, treated with PROTECT X2. Error bar, mean ± 
standard error. * p < 0.05.
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moisture retention of the SC after its single application 
are continuous with 3 h at least (data not shown).
 TEWL values for the dorsum of the hands applied 
with PROTECT X2 were 17.0-27.9% lower than those 
of the untreated hands, whereas TEWL values for the 
treated heels were 15.0-17.2% higher than those of the 
untreated heels. The mean TEWL of the treated side 
remained nearly constant throughout the experimental 
period (13.7 g/hm2 at 1 week, 15.1 g/hm2 at 1 month), 
whereas that of the untreated side showed an increasing 
tendency, suggesting a worsening of the barrier function 
when it remained untreated. We concluded that this was 
because the protective covering provided by PROTECT 
X2 on the SC prevented water loss from the dorsum 
of the hands, indicating that repeated applications of 
PROTECT X2 prevent weakening of the SC barrier 
function (Figure 2A). This has also been reported 
when measurements were done with dry skin (13,14). 
In contrast, TEWL in the treated heels remained 
higher than that in the untreated side throughout the 
experimental period. We speculated that this reflected 
the supply of water and moisturizing ingredients by 
PROTECT X2 to the SC of the heel. Because the SC 
of the heel is much thicker than that in the dorsum of 
the hands, it is likely that the SC cannot be replaced 
totally by new corneocyte layers within 1 month (15). 
Accordingly, we think that the barrier function of 
plantar skin might not be improved within the treatment 
period, as intercellular lipids such as ceramide did not 
become normalized within the 1-month experimental 
period. Thus, it may require more time to improve the 
barrier function in the heel (Figure 2B).
 We also investigated the correlation between the 
treated and untreated sides over time. For the dorsum of 
the hands, the correlation was 0.86 (p < 0.01) at 1 week 
after the start of application and 0.88 (p < 0.01) at 1 
month, which were statistically signifi cant, suggesting 
that a smaller correlation before treatment resulted in a 
smaller correlation after the applications. We concluded 
that the lower TEWL value in the treated side of the 
hands was a result of barrier function improvement 
induced by PROTECT X2 applications. However, no 
such correlations were found for TEWL in the heel. It 
is possible that a total lack of sebum excretion and low 
amounts of intercellular lipids in addition to the unique 
sweat glands that have relatively abundant secretion in 
the heel areas might have affected these measurements 
(9), in addition to the thickness of the heel SC, as noted 
above.
 Neither water content nor TEWL had any correlation 
with room temperature or humidity (water content: 
p = 0.30-0.96, TEWL: p = 0.15-0.88). Accordingly, 
we think that our study was performed under proper 
environmental conditions and obtained highly reliable 
results. In addition, visual assessments throughout 
the measurement period confirmed that skin in the 
untreated sides had greater amounts of scaling and 

chapped skin, as well as bleeding from cracks over time 
(Figure 3). Meanwhile, hands and heels applied with 
PROTECT X2 maintained adequate moisture levels. 
Skin tenderness is closely related to water content in 
the SC (2), thus it is useful to measure skin surface 
hydration for evaluating skin roughness.
 Based on the present findings, we concluded 
that daily applications of PROTECT X2 increases 
SC hydration state in the skin of patients with senile 
xerosis and improves the barrier function in the dorsum 
of the hand. Thus, it is reasonable to consider that this 
preparation is effective for not only protecting the hands 
from detergent and use of alcohol-based disinfects, but 
that it can also protect heels from winter dryness and 
friction.
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ABSTRACT: Nanostructured lipid carriers (NLC) 
have gained high interest as enhancing drug 
delivery systems via topical application during the 
last few years. NLC can enhance stability of many 
active substances against environmental stress. The 
extremely small size of NLC plays an important role 
in skin penetration. The unchanged size of NLC upon 
storage indicates its physical stability. The aim of this 
work was to investigate the effect of surfactant type 
on physical properties and stability of lycopene-loaded 
NLC. The preparation of the NLC was achieved by 
means of high pressure homogenization. The results 
indicate that different types of surfactant yield NLC 
with different properties. We also explored the effect 
of contact angle on the size of the NLC. It was found 
that the small contact angle gave NLC with small 
size. Among two small contact angle surfactants, 
Plantacare 1200 gave lycopene-loaded NLC with 
smaller size, higher zeta potential and narrower size 
distribution. The particle size, size distribution, and 
zeta potential of lycopene-loaded NLC prepared with 
Plantacare 1200 was unchanged during 30 days of 
storage. It was concluded that Plantacare 1200 is the 
most suitable surfactant for lycopene-loaded NLC. 
The chemical stability of lycopene entrapped in the 
NLC was significantly enhanced.

Keywords: NLC, surfactant, orange wax, lycopene, 
stability

1. Introduction

Nanostructured lipid carrier (NLC), the second generation 
innovative lipid nanoparticle that acts as a bioactive 
carrier system, has been developed to overcome some 
potential limitations of the solid lipid nanoparticle (SLN). 
NLC has attracted increasing scientific and commercial 
attention during the last few years (1,2) due to the lower 
risk of systemic side effects and is suitable for transdermal 

administration (3,4). It has benefi ts over SLN in improving 
release properties (5-7). NLC can reduce irritation, increase 
absorption of the active compound to skin, and protect 
photolabile agents from light. In addition, the expulsion 
of drug entrapped in NLC during storage is minimized or 
avoided. NLC is an alternative carrier to other drug carrier 
systems such as liposomes and polymeric nanoparticles 
because it has combined the advantages of other colloidal 
carriers and avoided their disadvantages. These includes 
high amounts of drug payload, increasing drug stability, 
the possibility to control drug release and targeting, and 
avoidance of organic solvents (8).
 Many water-insoluble active compounds were reported 
to be successfully incorporated in NLC and showed high 
advantages in skin permeation (9,10). Lycopene, a potential 
natural antioxidant found in tomatoes and tomato-based 
food products, watermelon, and pink grapefruit (11) has 
so far become one of the most interesting molecules. It is 
an acyclic carotene with 11 conjugated double bonds and 
possesses the highest antioxidant activity among common 
carotenoid compounds (12). Lycopene functions as an 
antioxidant, anti-inflammatory, anti-cancer, and anti-
mutagenic agent and exhibits a high physical quenching 
rate constant for singlet oxygen in vitro (13-15). However, 
lycopene is water insoluble and hardly diffuses via the 
transdermal pathway when applied tropically. Lycopene 
is an unstable molecule. Because of many conjugated 
double bonds in its molecule, it is very susceptible to 
oxidation when exposed to air and light (16). NLC were 
reported to give excellent protection to incorporated 
labile drugs from degradation (17). The utilization of 
NLC to increase stability of lycopene is a challenge 
and has not yet been reported anywhere. Moreover, it is 
known that for a sufficient residence time and optimal 
penetration via the transdermal route in order to obtain 
the maximum therapeutic efficiency, the size of NLC 
plays the most important role (18). The unchanged size of 
NLC upon storage indicates its physical stability as well 
as its effectiveness. As NLC is derived from the emulsion 
system, the NLC hence is mainly stabilized by a surface 
active molecule or a so-called surfactant. In the process 
of NLC production, the spreading of surfactant on the 
surface of an oil droplet of lipid is one of the main reactions 
required for desirable NLC. One impact for this interaction 
is contact angle, an angle which is created at the point 
where the three phases composed of gas, liquid and solid 
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meet (19). It is known that contact angle influences the 
spreading of liquid onto the solid substrate (20,21). At the 
present time, there are very few systematic investigations 
of the quantitative relationship between surfactant solution 
and the spreading behavior of the solid lipids.
 In the present study, several surfactants which showed 
a different contact angle to the major lipid of NLC were 
first investigated. We hypothesized that contact angle 
might be a useful tool for selection of a suitable surfactant 
for a small size NLC within a short time. The main aim of 
this study was to evaluate the effect of surfactant type on 
stability of lycopene loaded NLC.

2. Materials and Methods

2.1. Materials

Orange wax was provided by Koster Keunen, LLC 
(Connecticut, USA). Plantacare 1200 (lauryl glucoside) 
were from Cognis (Dusseldorf, Germany). C-1216 
(sucrose laurate), C-1816 (sucrose stearate), C-1616 
(sucrose palmitate), C-1815 (sucrose stearate) surfactants 
were obtained from Surfhope® SE Cosme marketed 
by Mitsubishi-Kagaku Foods Corporation (Japan). 
Lycopene was obtained in the form of an oily solution 
containing 40-47 mg/L of tomato lycopene in rosemary 
oil under the trade name of ''Lycosol'' (LiBiol, Germany). 
Tetrahydrofuran (THF) was from Rankem, New Delhi, 
India. Ultra-purified water was obtained from a MilliQ 
Plus system, Millipore (Schwalbach, Germany).

2.2. Preparation of lycopene-loaded NLC

NLC formulations using orange wax as a major lipid core 
were produced using a high pressure homogenizer (HPH) 
(Micron LAB40, Homogenizer Systems, Germany). The 
melted lipid phase containing orange wax (90%, w/w) and 
lycopene oil solution (10%, w/w) was dispersed in a hot 
surfactant solution (75°C), obtaining a pre-emulsion by high 
speed stirring using an Ultra-Turrax T25 (Janke and Kunkel 
GmbH, Staufen, Germany) at 12,000 rpm for 30 sec. This 
hot pre-emulsion was further processed by HPH applying 
five cycles at 500 bar and 75°C. The lipid dispersion was 
cooled at ambient conditions to room temperature and 
solidified to obtain the aqueous NLC dispersions.

2.3. Contact angle measurement

Contact angle between lipid surface and surfactant was 
determined by means of goniometry. The solid surface 
was prepared on a microscopic glass slide using an 
appropriate amount of lipid mixture composed of 90% 
(w/w) orange wax and 10% (w/w) lycopene oil solution. 
The series of 0.1% (w/v) aqueous solutions of five 
different surfactants; C-1216, C-1816, C-1616, C-1815, 
and Plantacare 1200 were freshly prepared. The contact 
angle between the lipid surface and a single drop of 

the surfactant solution was determined 15 sec after the 
droplet was put onto the lipid surface using a Contact 
Angle Meter G1 (Krüss, Hamburg, Germany).

2.4. Particle size and zeta potential measurement

Analysis of the particle size, size distribution, and zeta 
potential was carried out by means of photon correlation 
spectroscopy (PCS) with a Malvern Zetasizer IV (Malvern 
Instruments, UK). The PCS yielded mean particle size 
(z-ave) and polydispersity index (PDI) which indicated the 
width of the size distribution. The z-ave and PDI values 
were obtained by averaging at least ten measurements at 
a fi xed angle of 90° in 10-mm diameter cells at 25°C. All 
samples were diluted with purifi ed water to have a suitable 
scattering intensity before measurement. For measuring 
zeta potential the sample was dispersed in purifi ed water 
adjusted with sodium chloride solution (0.9%, w/v) to a 
conductivity of 50 μS/cm. The experiments were done in 
triplicate.

2.5. Stability test

To evaluate the physical stability of lycopene-loaded 
NLC, the samples of NLC dispersions were stored at 
25°C over a period of 30 days. The changes of particle 
size, size distribution, and zeta potential against storage 
time were determined using PCS. The chemical stability 
of lycopene-loaded NLC was investigated as follows. 
Lycopene-loaded NLC dispersion containing 40 μg/mL 
lycopene and lycopene solution in THF of equivalent 
lycopene concentration were exposed to light at 50°C for 
24 h. The amount of lycopene remaining in each sample 
during storage time was determined periodically using 
UV/visible spectroscopy at 475 nm with a UV-2450 
double-beam spectrophotometer (Shimadzu, America) 
and THF as a solvent for dissolving lycopene in the NLC.

2.6. Statistical analysis

Statistical analysis of differences between different 
treatments was performed using analysis of variance 
(ANOVA). In all cases, p < 0.05 indicates the level of 
signifi cance.

3. Results and Discussion

It is well known that surfactant is a group of hydrophilic-
lipophilic molecules which are active at the interface of 
two immiscible liquid phases. The surfactant can produce 
huge advantages in pharmaceutical fields. By chemical 
structure, surfactant can be divided into two main groups 
of ionic and non-ionic surfactants with different solubility 
properties defined by the value of hydrophilic-lipophilic 
balance (HLB). The lower HLB surfactants give a w/o 
emulsion while the higher HLB molecules provide an 
o/w emulsion. Because NLC is derived from an o/w 
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3.2. Effect of surfactant on the particle size of the NLC

In this study, lycopene loaded NLC formulations of five 
different surfactants were produced. The orange wax 
was used as a major lipid component. Orange wax is 
light reddish-brown to orange in color with properties 
of sunscreen-enhancing (25), antioxidant (26), and 
antimicrobial activities (27). Lycopene also has an anti-
stress effect related to inhibition of harmful effects from 
UV exposure, because it is an effective agent against 
solar stress (28,29). The development of lycopene loaded 
NLC in this study was expected to promote an additional 
biological action of both orange wax and lycopene as well 
as to enhance their bioavailability via the NLC system. 
Moreover, lycopene was used as the oil solution in order 
to reduce the degree of organization of lipid matrix of 
orange wax after the process of NLC production by hot 
high pressure homogenization. The results of this study 
revealed that the five different surfactants produced 
lycopene-loaded NLC with different sizes as shown in 
Figure 3. It was found that only two surfactants, C-1216 

emulsion system, the surfactants used in this study were 
of a higher HLB group which are preferably dissolved in 
an aqueous external phase of the emulsion. Moreover, as 
we emphasized developing the lycopene-loaded NLC for 
transdermal application, the surfactants of non-ionic groups 
particularly with a basic chemical structure of a sugar ester 
group were used in this study because they were claimed 
to be skin friendly. Besides their good compatibility with 
the skin, these surfactants also showed a drug enhancement 
effect in percutaneous absorption (22,23).

3.1. Effect of surfactant on contact angle

The contact angle is defined geometrically as the angle 
formed by a liquid at the three phase boundary where a 
liquid, gas, and solid intersect. It can be determined by 
goniometry (24). This technique is based on analysis of the 
shape of a drop of a test liquid on a test solid. A low contact 
angle value indicates well spreading or wetting while a 
high value indicates poor wetting or incompatibility. A zero 
contact angle represents complete wetting. In this study, 
five different surfactant solutions dropped on the solid 
surface composed of orange wax and lycopene oil solution 
demonstrated different contact angles as shown in Figure 1. 
It was obviously seen that the smallest contact angle of 38° 
was obtained from C-1216 followed closely by Plantacare 
1200 which showed a contact angle of 39°. The other three 
surfactants; C-1816, C-1616, and C-1815, exhibited contact 
angle values higher than 45°. Considering the properties 
of surfactant, it was found that they are similar in basic 
properties. All five surfactants are non-ionic sugar esters 
with similar HLB values. The different contact angles 
obtained from these surfactants therefore were considered 
to be due to the number of carbon atoms existing in 
the hydrophobic chain of each molecule. The chemical 
structure of C-1216 (sucrose laurate) and Plantacare 
1200 (lauryl glycoside) as shown in Figure 2 indicate that 
these two surfactants have 12 carbon atoms per molecule 
whereas the other surfactants such as sucrose stearate 
(C-1815 and C-1816) and sucrose palmitate (C-1616) 
possess 18 and 16 carbon atoms, respectively. It was 
considered that the surfactants with the shorter hydrocarbon 
chain length of C12 were more appropriate for the surface 
of lycopene-orange wax than that of C15-C18.

Figure 1. Contact angle between surfactant solution and 
lipid surface of orange wax and lycopene mixture.

Figure 2. Chemical structure of sucrose laurate (A), 
sucrose palmitate (B), sucrose stearate (C), and lauryl 
glucoside (D).

Figure 3. Particle size of lycopene-loaded NLC stabilized 
by different surfactants.
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and Plantacare 1200, could yield the extremely smallest 
size NLC with z-ave of approximately 170-190 nm. The 
NLC particles obtained from C-1616, C-1816, and C-1815 
were obviously greater with a z-ave higher than 900 nm. 
Considering this effect with the contact angle values 
obtained from the fi ve surfactants mentioned above, it was 
found that the contact angle value and the particle size of 
the NLC were closely related. The results demonstrated 
that the small particle size of lycopene-loaded NLC was 
obtained from the surfactants with small contact angles 
of less than 40°. According to the famous Young equation 
(30), surfactants with lower surface tension give smaller 
contact angles. Moreover, a surfactant solution with lower 
surface tension can reduce more surface or interfacial 
free energy. Considering the data obtained from this 
experiment, it could be presumed that the small particle 
size of the lycopene-loaded NLC obtained from the small 
contact angle surfactants was due to the high capacity 
of decreasing interfacial free energy between the two 
immiscible lipid and aqueous phases during the emulsion 
forming process.

3.3. Effect of surfactant on physical stability of the NLC

Two surfactants, C-1216 and Plantacare 1200, were 
selected to use in this study because they showed 
the smallest contact angle value and high ability to 
produce the smallest size lycopene-loaded NLC. The 
NLC formulations obtained from both surfactants were 
evaluated for their particle size (z-ave), size distribution 
(PDI), and zeta potential. The results demonstrated 
that the mean size of the freshly prepared NLC of both 
formulations was not significant different with a z-ave 
of approximately 170-190 nm. However, the PDI and 
zeta potential of these particles were different. The PDI 
of lycopene-loaded NLC obtained from C-1216 was 0.3 
whereas that of Plantacare 1200 was 0.1. The zeta potential 
of the NLC obtained from C-1216 was −52 mV whereas 
that obtained from Plantacare 1200 was −62 mV. Keeping 
these formulations at 25°C for 30 days caused the zeta 
potential of the NLC obtained from C-1216 to decrease to 
−47 mV whereas no significant change of zeta potential 
in the NLC was obtained from Plantacare 1200 as seen 
in Figure 4. The particle size and size distribution of the 
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lycopene-loaded NLC were observed at day 7, day 14, and 
day 30 in comparison with those freshly prepared (day 
0). The results are shown in Figures 5 and 6, respectively. 
It was found that the particle size of the NLC obtained 
from C-1216 was increased obviously during 30 days of 

Figure 4. Effect of storage time on zeta potential of lycopene-
loaded NLC stabilized by C-1216 (A) and Plantacare 1200 (B).

Figure 5. Effect of storage time on particle size of 
lycopene-loaded NLC stabilized by C-1216 (A) and 
Plantacare 1200 (B).

Figure 6. Effect of storage time on size distribution of 
lycopene-loaded NLC stabilized by C-1216 (A) and 
Plantacare 1200 (B).
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storage whereas the size and PDI of that obtained from 
Plantacare 1200 showed no signifi cant change. Therefore 
the lycopene-loaded NLC obtained from Plantacare 1200 
were revealed to be more stable than that from C-1216. 
The good narrow size distribution with constant small 
particle size of the NLC obtained from Plantacare 1200 
throughout the period of 30 days might be due to the 
strong effect of Plantacare 1200 to produce an extremely 
high zeta potential at the surface of the NLC system. The 
high zeta potential of the Plantacare 1200 based NLC 
was considered to be due to the hydroxyl ions caused by 
Plantacare 1200 molecules surrounding the surface of the 
NLC nanoparticles. The high zeta potential resulted from 
the electrical charge on this particle surface which repulsed 
the charge from other particles, and therefore made a 
stable NLC system. This is a reason why the lycopene-
loaded NLC stabilized by Plantacare 1200 showed higher 
stability overtime than those made from C-1216. The 
results of this investigation demonstrated the infl uence and 
mechanism of the surfactant on enhancing NLC stability. 
Moreover, it can be assumed that Plantacare 1200 is the 
most suitable surfactant for producing lycopene-loaded 
NLC having orange wax as a major lipid at this moment.

3.4. Chemical stability of the lycopene

This experiment was done in order to study the chemical 
stability of lycopene in solution in comparison with that 
loaded in the NLC. The results revealed that lycopene in 
solution decreased rapidly during the fi rst 4 h of storage 
and further gradually decomposed as demonstrated in 
Figure 7A. The plot of log lycopene versus the storage 
time showed a linear regression with y = 1.674 – 0.072x 
(r2 = 0.995). It was found that the degradation profile 
of lycopene was extremely slowed when incorporated 
in the NLC stabilized by C1216 and Plantacare 1200 as 
shown in Figures 7B and 7C, respectively. The plot of 
log lycopene during the storage time showed a linear 
regression with y = 1.596 – 0.006x (r2 = 0.992) and y = 
1.599 – 0.004x (r2 = 0.997) for C1216 and Plantacare 
1200 systems, respectively. These results suggest 
that lycopene in the samples followed a first-order 
chemical degradation. The fi rst-order kinetic calculation 
demonstrated that the half life of lycopene in solution 
was 9.6 h whereas that entrapped in the NLC was 117.5 
and 192.5 h stabilized by C-1216 and Plantacare 1200, 
respectively. This result revealed that lycopene was most 
chemically stable when entrapped in the Plantacare-1200 
NLC.

4. Conclusion

It was found that surfactant type infl uenced the quality 
of lycopene loaded NLC. The results of this study 
demonstrate that the contact angle is a key tool to 
overcome the small size NLC. Surfactant type also 
showed an important role on the zeta potential of 

the NLC. Plantacare 1200 was proven to be the best 
surfactant for lycopene-loaded NLC using orange wax 
as a major lipid. Lycopene was chemically stabilized by 
entrapping in the NLC.
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enable others to reproduce the experiments. 
Procedures that  have been published 
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